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ABSTRACT 
In vivo, cells routinely experience mechanical stresses and strains in the form of 
circulatory pressure and flow, peristalsis of the gut, and airway inflation and deflation. 
Even on the microscale, all adherent cells apply contractile force to the extracellular 
matrix and to neighboring cells. Cells respond to these external forces both passively and 
actively. Passively, cells need to deform in a way that is tissue and function appropriate. 
Actively, cells use local mechanoreceptors present on their surface to trigger changes in 
global cell behavior. Dysregulation of cell responses to force are hallmarks of diseases 
such as atherosclerosis, asthma and cancer. Given the pluripotent role of cell mechanics 
in both normal cell behavior and disease, cell regulation of mechanical properties has 
become a major area of focus in biology. In this dissertation, we explore passive 
mechanical properties and active mechanical responses of cells on the subcellular, single 
cell and multicellular length scales. 
In Aim 1, we developed a new tool, called cell biomechanical imaging, for 
mapping intracellular stiffness and prestress. We have demonstrated a linear relationship 
between these two quantities, both at the whole cell and subcellular levels, which 
suggests prestress may be a unifying mechanism by which cells and tissues tune their 
mechanical properties. In Aim 2, we investigated how coordinated changes in 
v 
cytoskeletal tension lead to cell reorientation. Previous research has shown that in 
response to strain applied through focal adhesions, the actin cytoskeleton promptly 
fluidizes and then slowly resolidifies. Using both experiments and a mathematical model, 
we found that repeated interplay of these phenomena was a driving force behind 
cytoskeletal reorganization during cell reorientation. It was previously hypothesized that 
the purpose of cytoskeletal remodeling in response to strain was to minimize changes in 
intracellular mechanical tension and maintain it at a preferred level. This feedback 
control mechanism, which balances forces between the cell and its microenvironment, is 
termed "tensional homeostasis." The dominant paradigm in vascular biology is that 
tensional homeostasis exists across multiple length and time scales. However, our results 
from Aim 2 challenged this idea; reoriented cells did not maintain steady levels of 
contractile force. In Aim 3, we investigated tensional homeostasis and its existence at 
multiple length scales. We found that cells do not have a preferred level of tension at the 
subcellular or single cell levels. However, in a cluster of confluent cells, contractile 
tension is maintained, the more so as cluster size increases. Together, the results of this 
dissertation emphasize the importance of a multiscale approach to mechanobiology. Cells 
and tissue are hierarchically ordered systems that use mechanical stress (prestress) to tune 
their mechanical properties and responses across lengthscales. Thus, it is important to 
consider not just the behavior of separate components of each of these systems, but the 
behaviors that emerge when they interact with one another. 
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CHAPTER 1: INTRODUCTION 
Cell material properties play an important role in integrated cellular behaviors, 
including adhesion, migration, and growth, in healthy and diseased states ( cf. Janmey & 
McCulloch, 2007). Dysregulation of cell material properties are hallmarks of diseases 
such as atherosclerosis and asthma. Recently, cell rigidity has become an interesting area 
of exploratory research both for cancer studies, where cancer cells have been shown to be 
both stiffer and softer than their healthy counterparts (Plodinec et al. , 2012), and in 
studies of stem cells, where cell stiffness may be an indicator of lineage differentiation 
capacity (Gonzalez-Cruz, Fonseca, & Darling, 2012). Cell stiffness is determined by the 
passive material properties of the cytoskeleton, as well as by stress-induced changes in 
biochemistry that actively modify the cytoskeletallattice. For example, cellular passive 
responses resulting from tissue stretch or fluid shear stress imposed by blood flow 
influence organelle transport and tissue integrity. On the other hand, cells migrating at the 
leading edge of a wound must actively stiffen for wound closure (Kole et al. , 2005). Thus, 
both passive and active mechanics are intimately coupled to regulate proper cell function. 
To fully understand cell control of material properties, it is important to take a 
multiscale approach. Subcellular mechanosensing events are integrated by the cell and 
influence global cell behavior. In vivo, cells do not exist in isolation, they interact with 
neighboring cells, applying forces to each other and engaging in biochemical cross-talk. 
Together, these cell-cell interactions contribute to cohesive tissue function. In this 
dissertation, we explore passive mechanical properties and active mechanical responses 
of cells on the subcellular, single cell and multicellular length scales. 
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At the subcellular level, it is hypothesized that cells can tune their passive 
material properties to precisely control deformation and to preferentially transmit 
mechanical signals, however, there is a lack of techniques for measuring spatial 
variations in material properties at subcellular length scales. The difficulty surrounding 
subcellular mechanical property measurements, and the importance of subcellular 
mechanical properties in cell mechanosensing, motivated Specific Aim 1 of this 
dissertation. 
Specific Aim 1: To develop a tool to image the mechanical properties of cells 
and use it to investigate subcellular mechanical properties. We successfully developed a 
novel technique, called biomechanical imaging, for generating maps of both cell stiffness 
and prestress that requires less than 30 s of experimental interrogation time, but which 
provides subcellular spatial resolution. Using this technique, we investigated the 
subcellular relationship between shear modulus and prestress. We have demonstrated a 
linear relationship between these two quantities, which suggests prestress as a mechanism 
by which cell tune their mechanical properties locally. 
Cell material properties are also affected by the mechanical environment. In vivo, 
cells are routinely subjected to mechanical stresses and strains in the form of circulatory 
pressure and flow, peristalsis of the gut, and airway inflation and deflation. Even on the 
microscale, all adherent cells apply contractile force to the extracellular matrix and to 
neighboring cells. The cytoskeleton, as well as mechanoreceptors on the surface of the 
cell can sense and respond to forces locally. An open question in mechanobiology is how 
these local responses are integrated by the cell to trigger global changes in cell behavior. 
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In Specific Aim 2, we explore how stretch-induced changes in cell tension lead to cell 
reorientation. 
Specific Aim 2: To determine how interplay of cytoskeletaljluidization and 
resolidification leads to stretch-induced reorientation of isolated cells. In response to 
transient stretch applied through focal adhesions, the contractile actin cytoskeleton 
promptly fluidizes and then slowly resolidifies (Trepat et al., 2007, Krishnan et al., 2009). 
The goal of this aim is to investigate how the repeated interplay of these phenomena 
contributes to cell reorientation. Endothelial cells cultured on polyacrylamide gels of 
physiological stiffness underwent periodic uniaxial stretch while cellular traction forces 
and cell morphology were measured. To further explore the driving forces behind cell 
reorientation, a theoretical model of a cell's actin stress fibers, capable of fluidization and 
resolidification, was developed. 
It has been hypothesized that the purpose of cytoskeletal remodeling during cell 
reorientation is to minimize changes in intracellular mechanical tension caused by 
external forces and maintain it at a preferred level. This feedback control mechanism, 
which balances forces between the cell and its microenvironment, is termed "tensional 
homeostasis." Given the pluripotent role of mechanical forces in tissue function, 
tensional homeostasis is regarded as a biological necessity that facilitates normal 
physiological functioning of the endothelium and also protects against pathological 
changes. The dominant paradigm in vascular biology is that tensional homeostasis exists 
across multiple length and time scales (Humphrey, 2008). However, experimental 
evidence of this claim is lacking, and conflicts with the idea that the cell is a dynamic 
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system that is constantly probing and responding to its environment. In fact, results from 
Specific Aim 2 suggest that tensional homeostasis does not exist at the single cell level, 
since traction forces did not return to a preferred set-point after cell reorientation was 
completed. In Specific Aim 3, we investigate the multiscale hypothesis of tensional 
homeostasis by measuring tension in cell clusters of varying sizes. 
Specific Aim 3: To investigate regulation of cell traction forces of multicellular 
clusters. The goals of this aim are to investigate whether tensional homeostasis 
(measured via cell traction forces) is a multicellular phenomenon. We tested this 
hypothesis using tim elapse traction force microscopy of endothelial cells in confluent 
clusters of varying sizes. 
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CHAPTER2:BACKGROUND 
2.1 Cytoskeletal Structure and Organization 
Cytoskeletal Components 
To understand how mechanical forces regulate cellular functions , it is necessary 
to first understand the physical structure of the cell. The cytoskeleton (CSK) governs the 
cell's material properties and allows the cell to generate and propagate force. The CSK is 
a dynamic network of semiflexible biopolymers that undergoes continuous remodeling 
and is driven by molecular motors that transform chemical energy of adenosine 
triphosphate (A TP) into mechanical forces. Cytoskeletal networks are built from a pool 
of monomers present in the cytoplasm. Network growth, organization and disassembly 
are regulated by a number of different proteins with a host of different functions: 
nucleation, severing, growth, branching, crosslinking, capping, etc. This continuous 
remodeling of the CSK allows the cell to rapidly respond to external biochemical and 
physical cues. For example, CSK architecture rapidly changes in response to cyclic 
stretch (cf. Hayakawa et al., 2001 ; Lee et al. , 2010), allowing the cell to reorient. 
Chemotactic gradients lead to an increase in actin polymerization in lamellipodia, 
allowing the cell to migrate (Lauffenburger & Horwitz, 1996). The CSK is composed of 
three major filamentous biopolymers: actin microftlaments, intermediate filaments, and 
microtubules, along with a host of cross-linking proteins. 
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Cell Contractility and Prestress 
Cell contractility arises from the interactions of myosin (a molecular motor) and 
actin microfilaments, which are frequently bundled together into force-generating stress 
fibers (SFs). Because actin is a polarized polymer (i.e. actin monomers are structurally 
asymmetrical), myosin can ' walk ' along the microfilaments in a preferential direction, 
driven by ATP hydrolysis. Myosin 'walking' , or cross-bridge cycling, generates tension 
and reshapes the actin CSK (Fletcher & Mullins, 201 0; Lecuit et al. , 2011; Pritchard et al. , 
2014 ). As a result of actin-myosin interaction, the CSK becomes prestressed, that is, it 
carries a load without the application of external forces. The prestress generated by actin-
myosin machinery is balanced in part by internal compressional structures such as 
microtubules, but is mainly balanced by the substrate and by adjacent cells to which the 
cell is adhered ( cf. Stamenovic et al. , 2002). This results in the generation of measurable 
cell traction forces. The role of prestress in the cell is twofold: ( 1) provide stability to the 
fragile cytoskeletallattice; and (2) allow the cell to control its mechanical properties. 
Prestress is key in stabilizing the fragile cytoskeletal network. In a three-
dimensional network cross-linked with pin joints, a coordination number (i.e., number of 
filaments joined at a crosslink) of 6 is required to form a stable lattice (Maxwell, 1864). 
However, cytoskeletal networks typically have a coordination number of 4 or less. Their 
stability arises from filament bending and prestress generated by molecular motors 
(Blundell & Terentjev, 2011 ; Pritchard et al. , 2014). By stabilizing the CSK, prestress 
allows the cell to resist deformation. According to the cellular tensegrity model (Ingber & 
Folkman, 1989; Ingber, 1993; lnber 2003c), in the absence of the prestress, a cell's 
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intrinsic resistance to shape distortion is lacking. In the presence of a prestress, however, 
cells are capable of resisting shape distortion and transducing mechanical signals ( cf. 
Stamenovic et al., 1996; Wang et al., 2001; Wang et al., 2002). 
The tensegrity model of the CSK has its roots in architecture. A tensegrous 
structure is one composed of isolated rigid struts and prestressed elastic cables, which 
together form a stable mechanical system capable ofbearing loads (cf. Pugh, 1976). In 
cell mechanics, microtubules act as rigid struts, while the actin cytoskeleton acts as the 
elastic cables (Fig. 2) (Ingber & Folkman, 1989; Ingber, 1993). It is a highly successfully 
theory for describing certain aspects of cell mechanics. For example, tensegrity a priori 
predicts that the cell stiffness linearly increases with prestress (Wang et al., 2001; Wang 
et al., 2002). Studies of cultured cells support this model; cell material responses are 
closely associated with cytoskeletal prestress (Wang et al. 2002; Stamenovic et al. 2004; 
Pourati et al. 1998; Hubmayr et al. 1996; Smith et al. 2005; Fernandez et al. 2006; Lam et 
al. 2012; Wang et al. 2001). 
Ingber hypothesized that cells can use this tensegrity mechanism locally in order 
to regulate their functions globally (Ingber, 2003b; Ingber, 2003c). Iftrue, the linear 
relationship between stiffness and prestress must extend to subcellular variations. 
However, experimental evidence to support this claim is lacking since simultaneously 
generating detailed maps of subcellular prestress and stiffness distributions is a 
technically difficult task. Therefore, past attempts to map subcellular stiffness and 
prestress had to rely on a priori assumptions regarding the nature of their distributions 
(Park et al., 2010; Tambe et al., 2013). 
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Figure 2.1. The Tensegrity Model of the Cytoskeleton 
The tensegrity model consists of a discontinuous network of rigid struts (microtubules) 
and a continuous network of prestressed elastic filaments (actin stress fibers). 
From Coughlin & Stamenovic (1998). 
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Cell Adhesions 
In vivo, the cell is mechanically coupled to the extracellular matrix (ECM), via 
cell-matrix junctions, and to other cells, via cell-cell junctions (Fig. 4 ). These junctions 
allow the cell to physically probe its environment, and transmit forces both into and out 
ofthe cell. There are two classes of adhesions, both ofwhich use transmembrane 
receptors to bind to extracellular proteins- cell-cell adhesions, which use cadherins and 
cell-ECM adhesions (or focal adhesions, FAs), which use integrins. Both types of 
adhesions share some interesting similarities: they form clusters, connect to the actin 
CSK through adaptor proteins, and are mechanosensitive (Lecuit et al. , 2011). For 
example, when integrins bind to the ECM (Fig. 4B), they act as a catch bond, such that 
force, either applied extracellularly or generated via actomyosin contractility, increases 
the bond lifetime of integrins (Kong et al. , 2009). Kong and coworkers (2009) also 
hypothesized that the binding of integrins may induce a conformational change that could 
propagate to the intracellular portion of the integrin, allowing it to interact with signaling 
molecules that control other aspects of cell behavior. 
Because cell-ECM adhesions are mechanosensitive, the mechanical properties of 
the ECM play an important role in adhesion development and behavior. Cells on 
sufficiently soft substrates fail to form fully developed F As and do not fully spread. On 
stiffer substrates, larger, more mature F As are formed, cell spread area increases and 
actomyosin generated traction force increases. This behavior may arise due to the fact 
that traction force generation is deformation-dependent, rather than force-dependent 
(Saez et al., 2005). If the substrate/ECM is compliant, then for a given deformation, less 
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force is generated, integrin bond lifetime decreases and adhesions fail to fully mature. 
However, further research into rigidity sensing is needed, as some theoretical work has 
indicated that F As are force dependent rather than deformation dependent (Bischofs & 
Schwarz, 2003). 
Because of the structural similarities and shared signaling proteins of cell-ECM 
and cell-cell adhesions, there is biochemical and mechanical cross-talk between the two 
(de Rooij et al., 2005; Krishnan & Klumpers, 2011; Lecuit et al., 2011; Martinez-Rico et 
al., 2010; Mertz et al., 2013; Nelson et al., 2004; Yano et al., 2004). The cross-talk 
between cell-cell and cell-ECM adhesions is implicated in important coordinated 
multicellular behaviors. For example, work by de Rooij et al. (2005) indicates that high 
tension generated at F As disrupts cell-cell adhesions, contributing to coordinated 
migration of cells in tumor invasion and tissue morphogenesis. Conversely, the 
pioneering work ofNelson and colleagues (2004) showed that cell-cell adhesions can 
mediate cell-ECM adhesion formation through a tension dependent process 
2.2 Cytoskeletal Responses to Mechanical Stimulation 
Physiological Role of Force 
Cells routinely experience mechanical stresses and strains from their 
microenvironment. Even on the microscale, all adherent cells apply contractile force to 
the ECM and to neighboring cells. These mechanical signals are sensed locally by 
mechanoreceptors on the cell's surface and can trigger changes in global cell behavior. 
The idea that mechanical factors regulate tissue structure and function is not novel. Well 
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over a century ago, Julius Wolff(1836-1902) hypothesized that bone structure was 
regulated by loading. In 1893, Richard Thoma observed that during embryogenesis, 
artery diameter was proportionally correlated to the amount of blood flow (Thoma, 1893). 
More recently, physical forces have been discovered to play a role in many global 
cellular processes, for example, mechanical cues play a key role in morphogenesis and 
are responsible for patterns of tissue development (cf. Fung, 1993; Ingber & Folkman, 
1989) and even the complicated structural features of the mammalian nervous system 
(Van Essen, 1997). A prime example of cell response to force can be seen in the lining of 
the blood vessels, where endothelial cells experience forces due to circulatory pressure 
and flow. Endothelial cells preferentially align in the direction that is both parallel to 
shear flow, and perpendicular to the circumferential stresses of the vessel (Fig. 2.2). Sites 
of disrupted flow, such as just downstream of an arterial branch, are more likely to 
develop pathological conditions including atherosclerosis and aneurysm ( c.f. Chien 2007). 
It's well established that mechanical forces play an important role in cell behavior, 
however how cells integrate different mechanical signals into global cell behaviors, such 
as adhesion, migration, reorientation and proliferation, is a key question in 
mechanobiology. 
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A 
Static 
Condition 
B 
Laminar 
Flow 
Figure 2.2. The Effect of Force on the Cytoskeletal Organization of Endothelial 
Cells 
Endothelial cells under static conditions (A), change their morphology and extensively 
remodel their cytoskeletons after 24h of laminar shear flow (B). Cells are stained for 
actin (blue), microtubules (green), and intermediate filaments (red). From Chien (2007) 
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Fluidization and Resolidification 
The actin cytoskeletallattice is fragile; small, physiologically-relevant changes in 
stress fiber strain result in rapid stress fiber disassembly (Chen et al., 2010; Hsu et al., 
201 0; Sa to et al., 2005). It is this fragility that enables an intriguing material response of 
the CSK. In response transient stretch, cell stiffness and traction forces are abruptly 
attenuated (fluidization) and then gradually recover (resolidification) over a timescale of 
minutes (Fig. 5) (Krishnan et al., 2009; Trepat et al., 2007). It has been hypothesized that 
fluidization occurs due to force-dependent molecular disassociations of the fragile 
cytoskeletallattice (Krishnan et al., 2009; Trepat et al., 2007). Recent experimental 
findings (Krishnan et al., 2009) and theoretical models of SF based on the Huxley cross-
bridge model (Donovan et al., 201 0) suggested a potential mechanism for fluidization: 
disruption of actin-myosin cross bridges. After fluidization, the cell then slowly 
resolidifies as the actin-myosin interactions are restored. 
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Traction maps before (a), immediately after (b), and 1000 s after (c) the cell was 
perturbed with a 4% equibiaxial strain of a cultured airway smooth muscle cell. 
Timecourse of contractile moments of the cell's traction field (d). Immediately after 
1000 
stretch (b), the contractile moment was reduced to 20% of its baseline value (a). After 
1 OOOs, the contractile moment has fully recovered to pre-stretch levels (c). From 
Krishnan et al., (2009) 
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Cell Reorientation 
After repeated pure uniaxial stretch, cells reorganize their CSK and reorient in the 
direction perpendicular to applied strain. Cells are not only sensitive to the direction of 
stretch; frequency (Lee et al., 2010), magnitude (Kaunas et al. , 2005; Wang et al. , 2001) 
and waveform (Tondon et al., 2012) also affect cell realignment. This ability of cells to 
remodel in response to applied forces underlie vital functions of the endothelium, 
including barrier integrity, blood flow regulation, vascular remodeling and angiogenesis 
(Chien, 2007; Humphrey, 2008). However, the governing mechanisms behind cell 
reorientation are still under active investigation. 
It has been hypothesized that the purpose of cytoskeletal remodeling and 
reorientation in response to force is to minimize changes in intracellular tension. 
Therefore, most research is focused on cell contractility and its associated biochemical 
signaling pathways. For example, inhibition of cell contractility by chemical agents 
causes SFs and cells to align parallel with (Kaunas et al. , 2005) rather than away from 
stretching direction, or to slow down or completely abolish realignment (Wang et al., 
2000). Actin CSK remodeling in response to stretch is mediated by activation of the Rho 
signaling pathways (Chien, 2007; Kaunas et al. , 2005; Lee et al. , 2010). Rho-kinase 
regulates myosin light-chain kinase phosphorylation and therefore myosin-generated cell 
contractility. It has been shown that Rho-kinase inhibition slows down or completely 
impedes cell reorientation (Wang et al. , 2000) and also alters SF reorientation from the 
transverse to the parallel direction with the stretch axis (Kaunas et al. , 2005). This 
indicates that Rho-signaling plays critical role in the reorientation and remodeling of 
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stress fibers. In Chapter 4, as part of investigation into cell reorientation in response to 
cyclic stretch, we investigate the effect of Rho-kinase inhibition on intracellular tension 
and cell body reorientation. 
2.3 Tensional Homeostasis 
The single cell responses to force as discussed above, along with the mechanical 
behavior of the ECM, govern the mechanical properties of coherent, specialized tissue 
such as bone, blood vessels and airways. In order to properly function, these tissues have 
very specific mechanical properties that must be maintained, even during external 
perturbation. Deviations from these mechanical properties are hallmarks of disease; for 
example, asthma and arteriosclerosis are characterized by stiffening of the airway and 
arteries, respectively. The tendency of tissues to maintain their tension at a preferred level 
is termed "tensional homeostasis." It is hypothesized that tensional homeostasis exists at 
multiple length scales, from the tissue level to the subcellular level (Humphrey, 2008). 
Delvoye et al. (1991) first demonstrated that in vitro tissue constructs actively 
maintain a steady level of tension, however their results were misinterpreted as material 
viscoelasticity. They seeded collagen gels with fibroblasts, and when tension was 
decreased or increased, fibroblasts restored the original level of tension in the gel within 
1 h (Delvoye et al., 1991 ). In 1998, Brown and colleagues used similar collagen gels 
seeded with fibroblasts to investigate the effect of force application on fibroblast-
generated tension. They applied a quasi-static cyclic load to the collagen gel (Fig. 6A) 
and measured the force response (Fig. 6B). During high sustained load, the force in the 
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gel does not stay constant, but instead decreases. During rest, the force within the gel 
increases. The authors hypothesized that the fibroblasts in the gel were modulating their 
tension to counteract the applied load and maintain tension within the gel at a preferred 
level. They coined the term "tensional homeostasis" to describe this phenomenon. 
(Brown et al., 1998). 
Since those seminal studies almost two decades ago, further research has 
indicated that tensional homeostasis is key to healthy functioning of many different tissue 
types (cf. Chien 2007; Paszek et al., 2005; Humphrey 2008). It is an adaptive response to 
maintain proper functioning of the tissue after injury. For example, the enlargement of 
cerebral aneurysm is hypothesized to be an adaptive, protective response to an initial 
vascular lesion - cells remodel the artery to maintain intramural stress of the vessel at 
normal, homeostatic levels (Humphrey, 2008). In fact, because of this vascular 
remodeling, the rate of aneurysm rupture is <0.1% per year (Stehbens, 1990). 
Dysregulation of tensional homeostasis, either due to altered mechanical stimuli or 
biochemical factors is a hallmark of many pathological conditions. For example, 
increased tension in mammary epithelial cells has been shown to play a role in cancer 
progression and metastasis (Ingber, 2003a; Paszek et al., 2005; Paszek & Weaver, 2004). 
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Figure 2.4. Tensional Homeostasis in Collagen Gels 
A cyclic loading protocol (A) was applied to collagen gels seeded with fibroblasts and the 
force output of the gel measured (B). During sustained loads, gel tension did not stay 
constant, but instead decreased. During rest, gel tension increased slightly. Black lines in 
(B) indicate gradients of change in tension. From Brown et al. (1998). 
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Tensional homeostasis at the single cell level has recently been investigated by 
Webster and co-workers, who measured cell tension across single fibroblasts using a 
feedback-controlled atomic force microscope (Webster et al., 2014). Single fibroblasts 
were cultured between a surface and a cantilever, both of which were micropatterned to 
constrain cell spreading. The cantilever was mounted on an atomic force microscope 
(AFM) so that the cell could be strained and so that stiffness perceived by the cell could 
be modulated. They found that cells reached a steady-state level of tension, however that 
level of tension could be modified by strain application, in a rate-dependent matter. This 
modulation of steady-state tensional levels was called "tensional buffering". Substrate 
stiffness changes appeared to have no effect on steady-state tension. These results suggest 
that single cells maintain a preferred level of tension in a stable environment, but can 
adapt their tensional state in response to external physical stimuli. 
2.4 Measuring Cell Mechanical Properties 
Measuring Stiffness 
When subjected to an external load, cells deform and respond in a way that is 
tissue and function appropriate. We have established that cell mechanical properties are 
governed by the CSK, which can actively adapt in response to external stimuli. However, 
in order to fully understand the relationship between stimulus and response, we must be 
able to measure cell mechanical properties. Techniques providing knowledge of cell 
mechanical properties (both whole cell and subcellular properties) will help us to better 
understand integrated cell behaviors in healthy and diseased tissue. However, the length 
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scales of cells and cell clusters necessitate innovative approaches to measure cell 
mechanical properties, which can vary spatially between cells in a cluster and even at the 
subcellular level (cf. Heidemann & Wirtz, 2004). 
The first cell mechanical property measurements were performed in the 1920's 
using magnetic microbeads embedded in the cell. Iron fillings embedded in cells were 
manipulated with a magnetic field and their displacements measured (Freundlich & 
Seifriz, 1922; Seifriz, 1924). Results were difficult to interpret because ofthe irregular 
shape of the iron particles and rudimentary visualization techniques. After advances in 
video microscopy, colloid engineering and computational techniques, there are many 
high precision magnetic microrheology techniques now available which are responsible 
for numerous fundamental insights into cell mechanobiology (cf. Gardel et al., 2005; 
Hoffman & Crocker, 2009; Wirtz, 2009). However, microrheological techniques are only 
able to probe cell material properties at a small handful of locations, at most. Bulk cell 
properties are then extracted from these measurements. Since cell material properties are 
highly heterogeneous, these measurements may not be representative of whole-cell 
behavior. 
To take into account the heterogeneous nature of cell material properties, the cell 
needs to be probed at many locations. The so-called "cell poker" marks the first attempt 
at mapping the subcellular distribution of mechanical properties of the cell (Petersen et al., 
1982). Later on, this technique was refined, and now atomic force microscopy (AFM) is 
used to measure cell material properties (Binnig et al., 1986; Radmacher et al., 1993). 
The key advantages of AFM are its ability for subcellular resolution and repeatability of 
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measurements. There are, however, several limitations of AFM. For example, AFM is 
limited to probing the cell ' s cortical CSK and cannot measure mechanical properties 
deeper in the cell interior. However, the main drawback to AFM is that cells needs to be 
adhered to a rigid glass surface, limiting the versatility of experimental investigation. For 
example, cell traction force measurements and AFM could not be performed on the same 
cell, because traction force measurements require that the cell be adhered to a soft, 
deformable substrate. Additionally, because the cell is adhered to a rigid substrate, 
difficulties arise when probing thin regions of the cell such as lamellipodia. There are 
non-negligible contributions to measurements from the rigidity of the underlying surface 
(Domke & Radmacher, 1998). 
Subcellular Stiffness Measurements with mP AM 
Very recently, Lam and colleagues developed a technique to measure the 
distribution of subcellular stiffness using a micropost array membrane (mP AM) (Lam et 
al., 2012). They cultured cells on a stretchable elastomeric membrane with an array of 
microposts to which the cell could adhere. By applying equibiaxial stretch to the 
membrane, the cell was deformed and changes in cell generated traction forces and cell 
spread area were measured. Using a finite element (FE) model to solve an inverse 
problem, they were able to calculate subcellular elastic modulus assuming a uniform cell 
height. This technique is more versatile than previous methods as the perceived substrate 
stiffness can be varied by changing the height of the microposts. Their approach to 
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stiffness measurements is similar to the approach presented in this dissertation, but has 
several key differences, discussed in detail in Chapter 4. 
Measuring Prestress 
It has been well documented that living cells are not stress free and that their CSK 
is prestressed ( cf. Hubmayr et al. , 1996; Wang et al. , 2001; Wang et al. , 2002). Past 
studies with cultured cells revealed that cell material responses are closely associated 
with cytoskeletal prestress (Fernandez et al., 2006; Hubmayr et al., 1996; Lam et al. , 
2012; Pourati et al. , 1998; Smith et al. , 2005; Stamenovic et al., 2004; Wang et al. , 2001; 
Wang et al. , 2002). Thus, any comprehensive study of cellular mechanics must include 
measurements of both cellular material properties (e.g., stiffness) and cytoskeletal 
prestress. 
While approaches to measure cell stiffness tend to provide a local measurement, 
the dominant approach to quantify cell prestress is based on measurements of cellular 
traction forces at the cell-substrate interface, using either deformable hydrogel substrates 
or micropattemed cantilever arrays as force transducers. Since cellular traction forces 
arise in response to cell contractile forces, which generate prestress, various quantitative 
metrics of tractions (e.g., contractile moment, maximum traction force, total traction 
force) have been used as metrics for the prestress. In the next section we present several 
methods for measuring cell traction forces, and then explore how those measurements 
can be used to calculate or estimate cell prestress. 
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Traction Force Microscopy 
Cell generated forces were measured for the first time by Harris et al. in 1980. 
Fibroblasts cultured on thin sheets of silicone rubber (polydimethylsiloxane or PDMS) 
created wrinkles in the substrate whose shape and number could be quantified to give 
information about the overall level of compressional force exerted by the cell. While this 
technique was never able to give subcellular measurements and could only provide a 
rough estimate of whole-cell traction, it sparked interest in measuring cell-generated 
forces. In 1999, the field was again advanced by using microbeads embedded in soft 
polyacrylamide gels (PAA) (Pelham & Wang, 1999). Bead positions were measured 
during cell adhesion and after cell removal via trypsin. Extracting information about 
forces from this particular displacement information is complex task as it is an inverse 
problem; a stress field cannot be directly calculated from the measured displacement field 
ofthe substrate (Pelham & Wang, 1999). Dembo and Wang solved this problem using an 
iterative inversion scheme to calculate a "best fit" traction map from the displacement 
data (Dembo & Wang, 1999). An approximate linearized solution for calculating a 
traction field from a displacement field was developed several years later by 
reformulating the problem in Fourier space; this technique is known as Fourier Transform 
Traction Microscopy, or FTTC (Butler et al. , 2002). 
In 2003, Tan and colleagues developed a novel technique for traction force 
measurements by culturing cells on an array ofmicroposts (Tan et al., 2003). This 
method, called micro fabricated post array detectors (mP AD), consists of a bed of 
microposts on which a cell can be cultured. The tip of each micropost is functionalized so 
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that the cell can adhere to it and apply force. The micropost acts as a small cantilever, and 
its deflection can be measured to determine force (Tan et al., 2003). This technique 
simplifies the analysis of traction force measurements; no complex computational 
techniques are required. Importantly, the force generated at a single adhesion site (at the 
tip of a cantilever) can be measured. A key assumption with this technique is that the cell 
only adheres to the tip of the cantilever, and does not spread along the length of the 
cantilever; assumptions which are frequently not experimentally valid. 
A competing technique is micropattemed traction microscopy (MTM) developed 
by Polio et al. (20 12). It consists of an array of small ( 1 - 2 11m diameter) adhesive dots 
micropattemed onto a soft P AA gel. The cell can only adhere to the dots, and traction 
forces can be measured by tracking dot displacement. Like mP ADs, this technique 
simplifies the computational component of the experiment and allows for precise force 
measurements at single adhesion sites. Additionally, this method allows the cell to be 
cultured on a two-dimensional surface, rather than a topographically complex surface. 
Estimating Prestress from Stiffness and Traction Force 
Estimates of spatial distribution of prestress can be calculated from cell traction 
measurements using a force balance, with knowledge of cell geometry and cell material 
properties. Thus, traction measurements do not provide intracellular stress estimates per 
se without additional measurements and/or assumptions. Here, we review previous 
attempts at mapping cell prestress. 
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Wang et al. (2001, 2002) were the first to use cell traction forces, specifically the 
contractile moment of the traction field, as a metric of prestress. They used airway 
smooth muscle cells, which have an elongated geometry. By making assumptions about 
cell geometry (i.e. estimated cell cross sectional area) they were able to estimate average 
cell prestress. However, this approach will not work for cell types with more complex 
geometry. 
More recently, Park and colleagues (Park et al. 2010) were able to measure the 
intracellular prestress distribution in a large population (193) of identically-patterned 
cells. The use of patterning to control cell shape provided a technique to reduce cell-to-
cell variability and permit pooling of data from a large cell ensemble. They measured cell 
traction forces in all cells using FTTC, and cell height using AFM. Using this information, 
they were able to construct a finite element model of the cell, and calculate the 
intracellular distribution of stress assuming a homogeneous distribution of cell stiffness. 
They also measured the cell stiffness distribution using MTC and found that it is highly 
inhomogeneous, contrary to the assumed homogeneous distribution. Furthermore, they 
found that there is a positive linear correlation between measured local stiffness and 
estimated local prestress, which is, similar to the previous observations on the whole cell 
level (Wang et al. 2001, 2002). While these investigators were the first to measure the 
intracellular distribution of prestress and the subcellular relationship between stiffness 
and prestress, they had to make a priori assumptions about the homogenous stiffness 
distribution. They also had to employ a rather complex system of experimental 
techniques including FTTC, MTC, AFM and cell micropatterning. Additionally, their 
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experimental techniques require strict control of cell geometry and culture conditions, 
limiting the applicability of the method to other mechanobiology questions. In a 
subsequent study from the same group of investigators, Tambe et al. (2013) studied the 
effect ofthe assumption ofhomogeneous vs. non-homogeneous stiffness distributions on 
the prestress distribution in epithelial cell monolayers. Their results indicated that local 
prestress may differ by nearly an order of magnitude depending on the homogeneous vs. 
inhomogeneous stiffness distribution. 
Taken together, there are major limitations to current techniques for measuring 
cell material properties, especially at the subcellular level. Prestress in particular is a 
challenging quantity to measure without making a priori assumptions about cell 
geometry and material property distributions in the cell. Additionally, current techniques 
for measuring cell material properties do not allow for diverse culture conditions. For 
example, techniques for measuring stiffness are typically done on glass or other rigid 
substrates, while techniques for estimating prestress are done on soft substrates (so that 
cell traction deformations can be visualized). Because cell mechanical properties are 
influenced by the physical properties of the substrate on which the cell is cultured, it 
presents complications to comparisons between stiffness and prestress. New techniques 
that offer versatility in experimental conditions and the ability to measure both prestress 
and stiffness on the same cell are needed. As part of this dissertation, we developed a 
novel technique for mapping subcellular stiffness and prestress, which we describe in 
Chapter 4. 
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CHAPTER3:METHODS 
3.1 Cell Culture 
In this study we used three cell types, human umbilical vein endothelial cells 
(HUVECs), NIH 3T3 fibroblasts and bovine aortic endothelial cells (BAECs). Cell 
cultures are described below. 
Primary HUVECs (provided by Dr. Geerten van Nieuw Amerongen, Vrije 
University Medical Center, The Netherlands) were cultured on plastic flasks coated with 
1% gelatin. The cells were maintained in supplemented M199 medium (Lonza). Cells 
were grown up to 90% confluency before trypsinization and were used from passages 2-8. 
NIH 3T3 fibroblasts (ATCC) were cultured in Dulbecco ' s Modified Eagle media 
(Invitrogen) supplemented with 10% newborn calf serum and 1% penicillin and 
streptomycin. Cells were grown up to 70% confluency before trypsinization. 
BAECs (provided by Dr. Matt Nugent, University of Massachusetts Lowell) were 
cultured in Dulbecco ' s Modified Eagle media with 1 g/L glucose (Coming), 
supplemented with 10% bovine calf serum and 1% penicillin and streptomycin. Cells 
were grown up to 90% confluency before trypsinization and were used during passages 
5-14. 
All cells were maintained in tissue culture flasks (Corning) in a sterile incubator 
(Fisher Scientific) at 37°C and 5% COz. 
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3.2 Fibronectin Isolation and Fluorophore Labeling 
Fibronectin was isolated from human plasma using a column isolation procedure, 
as previously demonstrated (Smith et al., 2007). Briefly, human plasma in 
ethylenediaminetetraacetic acid (Valley Biomedical) with 2 mM 
phenylmethanesulfonylfluoride was first filtered through Sepharose 4B (Sigma), which 
had been gravity packed overnight and conditioned with 1 x phosphate buffered saline 
(PBS, MP Biomedicals). The plasma was then passed through a second column that was 
gravity packed with Gelatin Sepharose (GE Healthcare) and conditioned with 1x PBS. 
Next, the sample was washed with 1 M NaCl and 0.5 M urea to remove contaminants. 
Finally, the fibronectin was eluted with 6 M urea in 1 x PBS. 
Fibronectin was fluorescently labeled according to the manufacturer' s 
specifications for protein labeling with AlexaFlour dyes conjugated with succinimidyl 
ester. AlexaFlour 488 (Invitrogen) was added in 70-fold excess to fibronectin and 
allowed to incubate at room temperature for at least 1 h. The fibronectin was then 
dialyzed using a 10 kDa Slide-a-Lyze Dialysis Cassette (ThermoFisher) for 24 h in 1 x 
PBS at 4°C to separate free fluorophores from labeled fibronectin. 
3.3 Polyacrylamide Gels 
Coverslip Activation 
Polyacrylamide (P AA) gels are cast on an activated glass-bottom coverdish. Gels 
used in Chapters 3 and 5 were cast in reusable coverdishes (Bioptechs ), while gels in 
Chapter 4 were cast in MatTek dishes (P35G-1.0-20, MatTek). Reusable coverdishes 
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were used for cost-efficiency, while MatTek dishes were used in instances where level 
gel height was of utmost importance. 
Coverdishes were first activated so that the polymerized gel would adhere to the 
glass. In the case of the reusable coverdishes, a 35 mm round coverslip was activated in a 
six-well plate and then placed into the reusable coverslip holder. The glass was first 
plasma cleaned for 30 s, and then a thin layer 5% aminopropyltrimethoxysilane was 
smeared onto the top surface using a glass rod. After sitting for 5 min in the chemical 
hood, the glass was rinsed 3x with DI water. Enough 0.25% glutaric dialdehyde was 
added to cover the glass. After 30 min, the glutaric dialdehyde was removed and the glass 
coverdishes were rinsed 3x with DI water. Activated coverdishes can be stored for up to 
four weeks submerged in water at 4 °C or for one week when stored dry at room 
temperature. 
Gel Formulations 
Young's modulus 3.6 kPa 
40% acrylamide 1.25 f.!L 
2% bis-acrylamide 175 f..ll 
1 OX PBS 500 f..ll 
Dl water 2.915 ml 
TEMED 10 f..ll 
HCI 75 f..ll 
NHS-ester 50 f.!L 
APS 25 f.!L 
Table 3.1 Polyacrylamide gel formulations 
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6.7 kPa 
1.25 f..ll 
325 f..ll 
500 f..ll 
2.765 ml 
10 f..ll 
75 f.!L 
50 f.!L 
25 f.!L 
The P AA gel solution was mixed in a 15 mL conical tube (Coming), according to 
the formulas in Table 3.1. First, a 1 mg/mL solution of acrylic acid N-
hydroxysuccinimide (NHS)-ester (Sigma-Aldrich) and a 100 mg/mL solution of 
aminopropylsilane (APS, Fisher Scientific) was made fresh in water, as they degrade 
quickly. Then bis-acrylamide, acrylamide, PBS and water were combined and allowed to 
rest for 15 min to degas. Next, 10 )!L oftetramethylethylenediamine (TEMED, Fisher 
Scientific) was added to the PAA solution. To bring the solution to a neutral pH (7-8), 1 
M HCl was added. It is important to add the NHS-ester after this step so that it does not 
become neutralized by the basic pH ofthe PAA solution. Finally, 25 )!L ofthe APS 
solution was added to initiate the polymerization process. A 350 )!L drop of the P AA gel 
solution was added to an activated glass-bottom dish. The mixture was then covered with 
25 mm coverslip and allowed to polymerize for 60-90 min. After polymerization, the top 
coverslip was removed to yield a ~ 700 )!ill thick gel layer. 
It has been shown previously that the material response of the P AA gel is 
essentially elastic and that viscous damping effects are negligible over a wide range of 
timescales (0.1-100 s). The Young's modulus E (given in Tab. 3.1) and the Poisson's 
ratio v = 0.445 ofthe P AA hydro gels were determined previously (Polio et al., 20 12). 
Gel Surface Functionalization 
Two methods were used for functionalizing the surface of the gel with an ECM 
ligand. In Chapter 3 and 5, the top coverslip was patterned with an array of fluorescently 
labeled fibronectin dots (see Micropattemed Traction Microscopy, below). The NHS in 
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the gel formulation (Table 3.1) crosslinks the protein to the surface ofthe gel during the 
polymerization process. However, in Chapter 5, the surface of the gel was functionalized 
after polymerization, using the cross-linker sulfo-SANP AH, as described below. 
Following gelation, the surface was activated with 200 J.!L of a solution 
containing 1 mM Sulfosuccinimidyl-6-[ 4-azido-2-nitrophenylamino ]hexanoate (Sulfo-
SANP AH; Pierce, Rockford, IL) underneath a UV lamp for 6 min. The gel was then 
washed 3x with HEPES and 3x with PBS and then coated with 200 J.!L of type I Collagen 
solution (0.1 mg/mL; !named Biomaterials, Fremont, CA) and stored overnight at 4°C. 
On the following day, the gels were washed 3x with PBS, hydrated with 2 mL of serum 
free media solution and stored in an incubator at 3 7°C and 5% C02 for > 1 h. 
3.4 Traction Force Microscopy 
Fourier Transform Traction Microscopy 
Fourier Transform Traction Microscopy (FTTC) is a method of measuring cell 
traction forces using soft P AA gels with embedded micro beads, which serve as fiducial 
markers for tracking gel deformation induced by traction forces (Butler et al. 2002). 
Fluorescently labeled microbeads (0.5 J..lm diameter, Polysciences) were added to the 
unpolymerized gel. Images of the cell and displaced micro beads are taken. At the end of 
the experiment, the cells are removed from the gel by trypsin and a reference 
(undeformed) image of the microbeads is taken. 
Using a custom-written MATLAB script, each microbead image was compared 
with its reference image to obtain the displacement field in the substrate plane. First, 
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images were cropped into a square with sides of 16n pixels (where n is any number). 
During this cropping procedure, translational shift due to drifting of the microscope stage 
was accounted for. Next, each cropped microbead image was subdivided into small boxes. 
By comparing intensity profiles, each box was cross-correlated to a location in the 
reference microbead image, generating displacement vectors. From the displacement 
vectors, the elastic properties of the gel and a manual trace of the cell contour, the 
traction field was calculated as described by Butler and colleagues (Butler et al., 2002). 
Briefly, the traction field T(r) was calculated based on the Boussinesq solution for the 
displacement field, u(r), on a surface of an elastic half-space as follows 
where .3-1[.] denotes the inverse two-dimensional Fourier transform and tilde indicates 
the Fourier transforms ofu(r) and ofthe kernel matrix K(r) defined at each position, r , 
from the Young's modulus (E) and the Poisson's ratio (v) ofthe gel. 
To quantitate the traction field, we calculated the contractile dipole moment 
matrix, 
M= lr®T(r)dS, 
where 0 indicates the tensor product and S is the projected area of the cell; the strength 
of the traction field is the trace of M. 
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Micropatterned Traction Microscopy 
Micropatterned Traction Microscopy (MTM) is a method of measuring cell 
traction forces using soft PAA gels micropatterned with an array offluorescently-labeled 
protein dots. Cells cultured on the gel can only adhere to the protein dots, whose 
displacements are tracked and used to calculate traction force. The array of fluorescently 
labeled fibronectin dots was patterned onto thick P AA gels ( ~ 700 Jlm thick) using soft 
lithography and an indirect patterning technique (Polio et al., 2012; Polio & Smith, 2014). 
The elastomeric stamp for creating the pattern for MTM was fabricated in a 
multistep process. Briefly, a 1 x 1 em pattern was created on a chrome-on-glass mask that 
contained 2-Jlm diameter circular holes spaced with a center-to-center distance of 6 J.!m. 
To create the master mold from which the elastomeric molds are cast, Su-8 5 
(MicroChem) negative photoresist was spun onto a silicon wafer (University Wafers), 
which had been cleaned with Piranha solution. The spinning, UV exposure and heating 
steps suggested by the manufacturer were followed to create the desired pattern with a 
height of 5 Jlm. Polydimethylsiloxane (PDMS, Sylgard) was mixed in a 1:10 ratio of 
elastomer to base and degassed under vacuum for 30 min before pouring onto the mold. 
After pouring, it was degassed at atmospheric pressure overnight to further remove any 
created bubbles, then baked at 80°C for 2 h. 
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Figure 3.1 Micropatterned Traction Microscopy 
Fluorescently labeled fibronectin is adsorbed onto the PDMS stamp containing 
microposts (A). The stamp is then placed into contact with a glass coverslip (B), leaving 
only the fibronectin from the tops of the microposts on the glass (F). The glass is then 
placed onto a P AA gel pre-polymer solution to create a gel "sandwich" between a second, 
activated coverslip which forms a covalent bond with the P AA polymer (C). After 
removal of the top coverslip, the fibronectin pattern is covalently bonded to the gel 
through NHS-ester (D). Cells are able to adhere and apply force to the fibronectin dots 
(E). Fluorescent microscopic images are shown of a microcontact-printed pattern on glass 
(F) and a pattern after transfer onto the P AA gel (G). Scale bars = 30 )..lm. 
From Polio et al. (2012). 
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After baking, the PDMS stamp with 5 )..LID tall posts, 2 )..LID in diameter, with 6 )..LID 
center-to-center spacing was carefully removed from the silicon wafer master mold. The 
stamp was plasma treated for 30 s, and then 125 )..LL of Alexa-633 labeled fibronectin in 
PBS (0.05 giL) was pipetted onto the surface of the PDMS stamp. After allowing the 
fibronectin solution to adsorb for 30 min, the excess solution was removed, and the 
stamps were air dried ( ~ 15 min). In the meantime, 25 mm glass coverslips (Fisher) were 
sonicated in an ethanol bath, dried via air gun and plasma cleaned for 2 min. The 
fibronectin-coated stamp was then carefully placed face-down on the glass coverslip and 
gentle pressure was applied. After 5 min, the stamp was removed and discarded, leaving 
behind a glass coverslip micropatterned with ~2 )..LID dots. 
Next, the pattern was transferred from the coverslip to a PAA gel. The 
micropatterned coverslip is carefully placed on top of350 )..LL ofunpolymerized PAA 
solution. The gel polymerizes for 1 h, after which the micropatterned coverslip is 
removed and discarded. Duringpolymerization, acrylic acid N-hydroxysuccinimide 
(NHS)-ester (Sigma-Aldrich) in the P AA solution forms covalent bonds with amino 
groups on the patterned protein so that the pattern transfers to the P AA gel after removal 
of the upper coverslip. To passivate any remaining active NHS groups on the gel, a 
solution of 4% bovine serum albumen is incubated with the gel for 1 h. Cells are then 
only able to adhere to the array of fibronectin dots. 
An advantage of the micro patterning technique is the simple method used to 
determine cell traction forces. A custom script written in MA TLAB (The Mathworks, 
Cambridge, MA) was used to perform tracking and analysis of all images. For traction 
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force calculations, the program determines the centroidal displacement vector U of each 
patterned-dot from its assumed traction-free position on the grid pattern. The 
corresponding traction force vector is calculated assuming a uniform tangential traction 
stress (T) distribution over a circular area of a dot patterned on an isotropic elastic half 
space 
T( ) = nEaV x,y 2 
2+v-v (3.1) 
where a is the radius of the patterned dot (Polio et al., 2012). Cell boundaries were 
determined by manually tracing the outline of the cell as seen on brightfield images. 
3.5 Stretching Apparatus 
To apply a homogenous uniaxial strain field to a cell, we used a parallel plate 
indenter (Krishnan et al., 2009). It consists of a pair of glass plates 11 mm long, 0.2 mm 
thick, set 1 mm apart. When indented 0.2 J..tm into the P AA gel in the z-direction, it 
creates a homogenous pure uniaxial strain field (8%) on the gel surface between the 
plates. Upon removal of the indenter, the gel elastically recoils to a strain-free state. 
The parallel plate indenter is mounted on the microscope with a custom made 
apparatus. First the indenter is attached to an angle bracket (custom-made at BU) with 
double-sided Scotch tape. The angle bracket is screwed into a 12 mm single-axis 
translation stage (MT1-Z8, Thorlabs). Because of space constraints, the translation stage 
has a modified side-mounted actuator adapter (MT405, Thorlabs) to reduce the total 
length ofthe stage. A final angle bracket (custom made at BU) connects the translation 
37 
stage to the microscope. The stretching apparatus's actuator is controlled by Thorlab's 
APT software, which can interface with Visual Basic. 
3.6 Microscopy 
All fluorescent, brightfield and DIC images were taken using an Olympus IX81 
microscope with either a x20 (0.45 NA, 6.6-7.8 mm WD), x40 water (1.15 NA, 0.25 mm 
WD), or x60 water (1.0 NA, 2 mm WD) objective and a Hamamatsu Orca R2 camera 
controlled with Metamorph software. The microscope was outfitted with an incubation 
chamber in order to maintain samples at 37°C and 5% C02 
A custom-written Visual Basic was written to coordinate stretching on APT 
software and image capture on Metamorph software. Cells were cultured for > 18 h on the 
gel before being subjected to the experimental uniaxial stretch protocol. See Chapters 4-6 
for the specific stretching protocol used in each experiment. 
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CHAPTER 4: BIOMECHANICAL IMAGING OF CELL MECHANICAL 
PROPERTIES WITH SUBCELLULAR RESOLUTION 
4.1 Introduction 
Many vital cell functions, such as mechanotransduction, spreading and migration, 
require that cells be able to have precise control over their mechanical properties, both at 
a global, whole cell level and at a local, subcellular level. Previous research has shown 
that cells can modulate their material properties by changing their contractile stress, or 
prestress ( cf. Stamenovic, 2006). In particular, it has been observed that cell stiffness 
increases approximately linearly with increasing prestress. (Fernandez et al., 2006; Lam 
et al., 2012; Wang et al., 2001; Wang et al., 2002). These observations have been 
interpreted in terms of the cellular tensegrity model (Baudriller et al., 2006; Stamenovic 
& Ingber, 2002; Stamenovic, 2005; Wang et al., 2001; Wang et al., 2002). According to 
this model, stiffness is conferred to the cell by mechanical prestress borne by the 
cytoskeletal contractile actin network. The hallmark of such a system is that its stiffness 
must increase nearly proportionally with increasing prestress (Ingber et al., 2014; Volokh, 
2011). Ingber hypothesized that cells can use this tensegrity mechanism locally in order 
to regulate their functions globally (Ingber, 2003b, 2003c). If true, the linear relationship 
between stiffuess and prestress must extend to subcellular variations. However, 
measuring any cell mechanical properties at the subcellular length scale is a technically 
challenging task, requiring complicated experimental techniques and a priori 
assumptions about cell mechanics (Park et al., 201 0; Tam be et al., 20 13). 
In this chapter we present a technique, called cell biomechanical imaging, for 
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generating maps of both cell stiffness and prestress that requires less than 30 s of 
interrogation time, but which provides subcellular spatial resolution (Canovic et al., 
20 14a). Importantly, cell biomechanical imaging requires no a priori assumptions about 
the distributions of shear modulus or prestress. We then used this technique to investigate 
the subcellular relationship between shear modulus and prestress (Canovic et al., 2014b). 
Biomechanical imaging (Barbone & Oberai, 2010) is a generalization of 
"elastography" (Gao et al., 1996; Greenleafet al., 2003; Muthupillai et al., 1995; Ophir et 
al., 1999, 1991; Parker et al., 2011, 1996; Parker et al., 2005), which is the imaging of 
tissue based on its heterogeneous elastic properties. Existing methods of elastography 
depend upon the ability to impose an approximately uniform uniaxial stress field (strain 
elastography), or excite and observe a propagating shear wave in the medium. Neither of 
these approaches is feasible in a single adhering cell, and hence the application 
considered here necessitates significant conceptual modifications of the existing 
approaches. Here we take advantage of several key capabilities that enable biomechanical 
imaging in this context. These include the ability to measure tractions applied by the cell, 
while simultaneously observing cell deformation, combined with experience and 
capability to formulate and solve an elastic inverse problem to find cell stiffness and 
prestress distributions (Barbone & Gokhale, 2004; Barbone & Oberai, 2007; Oberai et al., 
2004 ). The contents of this chapter have been compiled from our published papers 
Canovic et al. (2014a) and Canovic et al. (2014b). 
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4.2 Theory 
To determine the shear modulus and prestress distributions in a cell, we first 
model the cell as a "thin" solid with uniform thickness h, adherent to a flat substrate with 
a plane state of stress (Fig. 4.1 ). The cell generates traction forces acting on the bottom 
surface of the cell. We assume that the intracellular prestress distribution <Jo(x,y) is 
entirely due to tractions. We also assume that the cell is an incompressible, isotropic (but 
highly heterogeneous), linear (Hookean) elastic solid. With this model in mind, we can 
begin assembling a system of equations to solve for the shear modulus, Jl(x,y), and 
prestress, <Jo(x,y), distributions ofthe cell. 
The equilibrium equation for this system requires that 
V -( ) To(x,y) 0 
• CTo x,y - h = (4.1) 
where 0'0 ( x, y) is the intracellular stress tensor, or prestress, under the assumption of 
uniform cell height. To(x,y) is the traction vector (dimensions force per unit area) in the 
reference state. Cell tractions are measured using MTM (cf. Sec. 3.4). We will relax the 
assumption of the uniform cell height later and use a more realistic cell height 
distribution, h(x,y), that we obtain experimentally, to compute a height-corrected stress 
distribution, <J 0 (x,y) = a0 (x,y) h h(x,y) 
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Figure 4.1 A Model of the Cell for Biomechanical Imaging 
A free body diagram of a cell modeled as a thin, linear elastic solid under plane stress 
conditions. The traction vector, T(x,y) acts as an effective body force on the bottom 
surface ofthe cell and is balanced by stress cr(x,y). 
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The constitutive equation for an isotropic, incompressible, linearly elastic body is 
given as a= -pl+ ~[Vu+(VuT)], where I is the identity tensor, u is internal 
displacement vector, p is an arbitrary pressure, and ~is the shear modulus for uniformly 
thick cell, such that ~(x,y) = ~(x,y) h(x,y). Using our assumption of plane stress and 
h 
incompressibility we obtain 
(4.2) 
for the cell in the reference state. Here, no is a theoretical displacement field caused by 
the initial prestress in the cell. 
With this set of five scalar equations, we have six scalar unknowns ( f.1, cr0xx, cr0xy, 
cr0YY, uox,and uoy), and two measured quantities (Tox and Toy). Thus, to solve for the 
prestress, a0 (x,y ), and shear modulus, :U(x,y ), distributions , we need to know the 
internal displacement field. We obtain the displacement field by applying external stretch 
to the cell and measuring the cell's internal displacement field, UI(x,y). While stretching 
the cell, we also measure a new set of tractions, TT(x,y), such that 
TT (x,y) = T0 (x,y )+ 1; (x,y) (4.3) 
where T1(x,y) is the incremental traction vector caused by the applied stretch. In the 
strained state, we now have a new equilibrium equation 
(4.4) 
Subtracting Eq. (4.1) from Eq. (4.4) gets us 
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n - ( ) 'I; ( x,y) 0 
v. o-I x,y - h = (4.5) 
T1(x,y) is determined from Eq. (4.3). We also have a new constitutive equation for 
incremental stress 
(4.6) 
Equations (4.5) and (4.6) thus gives us an inverse problem for "ji(x,y), whose 
exact solution is available in Barbone and Oberai (2007). After solving Eq. ( 4.6) for 
"ji(x,y), we can then solve Eqs. (4.1) and (4.2) for uo and the prestress 0 0 (Barbone & 
Oberai, 2007). 
4.3 Experimental Measurements 
NIH 3T3 (A TCC) fibroblasts were sparsely seeded ( 400 cells/cm2) on a P AA 
substrate of physiologically relevant stiffness of 6. 7 kPa (Fig. 4.2 a, b). The P AA gel was 
micropattemed with an array offluorescently labeled fibronectin dots (2 J..tm diameter, 6 
J..tm center-to-center spacing). Cell contractility led to displacement of the micropattemed 
dots; allowing cell traction forces to be measured via MTM (cf. Sec. 3.4). Immediately 
after plating cells, 0.5 J.lm fluorescent microbeads (Polysciences) were added to the media, 
which were phagocytosed by cells overnight to serve as fiducial markers for intracellular 
displacements. Phagocytosis of the beads resulted in a random distribution of several 
hundred microbeads throughout the volume of the cell; however, only a subset of ~50 
microbeads were tracked for displacement. After allowing cells to adhere overnight, a 
parallel plate indenter was used to apply ~8% pure uniaxial strain (cf. Sec 3.5). Images of 
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the cell, micropattem and micro beads were taken before and during application of strain 
(Fig. 4.2). Together, the time to take these measurements did not exceed 30 s. 
A custom-written MATLAB script was used for image processing to calculate 
cell boundaries, tractions, and internal displacements before and during stretch (Fig. 4.3). 
Cell boundaries were determined by manually tracing the outline of the cell as seen on 
brightfield images. Traction vectors were calculated using the displacements of the 
micro patterned dots and known elastic properties of the cell, described in detail in Sec. 
3.4 (Eq. 3.1). For determination of bead locations, a 16-image z-stack was taken at 1 11m 
intervals, starting from below and finishing above the cell. Although wide- field 
microscopy was used, the z-position of beads was easily determined using bead 
fluorescence intensity to discriminate between in-focus and out-of-focus beads. The (x,y) 
positions of each bead were then determined by finding the centroid of the fluorescence 
profile of each bead. Individual bead displacements were calculated by comparing the 
locations of beads prior to stretch to their locations during stretch application. It should 
be noted that beads move little in the vertical, z-direction, and hence remain in the focal 
plane. Images of the cell were used to determine cell boundaries by manually tracing the 
outline of the cell. 
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Figure 4.2 Experimental Procedure for Cell Biomechanical Imaging 
A parallel plate indenter is used to apply uniaxial strain to cells cultured on a P AA gel 
(A). The P AA gel is micropatterned with fluorescently labeled fibronectin dots (green) 
for traction measurements, while internal cell displacements are measured using 
fluorescent beads (blue) phagocytosed by the cell (B). A set ofthree pictures is taken 
before deformation is applied: brightfield (C), fluorescent micropattern (D) and 
internalized fluorescent microbeads (E). By indenting the parallel plates into the gel (F), a 
pure uniaxial strain field (indicated by the double-headed arrow) is created between the 
plates, deforming the cell and micropattern (G). A second set of images are taken ofthe 
gel and cell in the deformed state (H-J). Scale bar (1 OJ.lm) applies to all microscopic 
images. From Canovic et al. (2014a). 
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Figure 4.3 Results of Image Processing 
Image processing of pictures from Fig. l(C-E and H-J) is used to measure cell traction 
forces (A) and phagocytosed bead positions (B) in the undeformed cell. After imposition 
of pure uniaxial stretch (double-headed arrow indicates the strain axis), cell traction 
forces (C) and bead displacements (D) are again measured. From Canovic et al. (2014a). 
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4.4 Computation Model 
Preprocessing 
In preprocessing, outlying displacement data points were excluded (such as those 
whose motion was clearly not caused by the applied deformation, but rather other means 
such as vesicular transport). Since the measured traction forces drive the cell deformation 
in our finite element (FE) simulation, they must satisfy mechanical equilibrium to 
numerical precision. Due to experimental noise, measured traction forces do not satisfy 
mechanical equilibrium and therefore they have to be adjusted so that their sum and the 
sum of their moments were zero (Fig. 4.4 a). A least squares problem for the forces 
closest to the measurements that satisfy equilibrium was solved to obtain the applied 
forces to be used in the FE model. The added force correction was taken to be the 'force 
error'. This led to a force signal-to-noise ratio (SNR) varying from 0.87 to 8.4, with 
median 2.1. 
A program called DistMesh (Persson & Strang, 2004) was used to generate a FE 
mesh of the cell (Fig. 4.4 b). It takes as inputs the positions of measured tractions and 
displacements within the cell and points located on the cell boundary (extracted from a 
brightfield image). It then creates a mesh consisting of triangular elements with a subset 
of its nodes located at the given measurement and boundary points. The shear modulus 
was allowed to vary from point to point within the plane of the cell; its variation was 
represented via linear FE interpolation over each element, consistent with the 
displacement field interpolation. 
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Figure 4.4. Preprocessing of Input Data for Computation Model 
In preprocessing, measured traction force vectors were differenced (black) and adjusted 
(red) so satisfy mechanical equilibrium (A); and an FE mesh (B) was generated using a 
program called DistMesh. From Canovic et al.(2014a). 
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Knowledge of the applied tractions allows us to compute the cell displacement for 
any given shear modulus distribution within the cell. This is done with a custom-written 
FE solver. The solution of the forward problem is based on minimization of the following 
functional 
where M denotes the number of measured (lumped) forces and N denotes the number of 
measured intracellular displacements (umeas). A penalty term is used to constrain rigid 
body motion displacements based on the measurements. The parameter o is a small (1 o-s 
- 1 o-3) positive constant. 
Inverse Problem Solution 
The inverse problem was solved by an in-house code called the non-linear adjoint 
coefficient estimation (NLACE) code (Goenezen et al., 2011). In plane stress applications, 
it uses an iterative inversion technique to determine the shear modulus distribution that 
minimizes the differences between the predicted displacement, Upred, and measured 
displacement, Umeas (Fig. 4.5). More specifically, the following objective functional was 
minimized: 
7t[~,] = .!_ LLf (u:redNA- u~easNA )WAB (u:,edN B -u!eas NB)dO. + a:LJII~~VNA I~O. 
2 A Bo. Ao. 
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where 1-1 11 (x, y) is the shear modulus times local cell height distribution, a is a 
regularization constant balancing the total variation of 1-1 11 (x,y) against the data-fitting 
term, N A andNs are finite element shape functions, A and B are node numbers, and W AB is 
a weighting tensor such that TAB= 0 if A i- B, and TAA =I if the node has a measurement 
and is zero otherwise. The gradient of the objective function with respect to the material 
parameters was computed using the adjoint method, which is used with the L-BFGS-B 
optimization routine (Byrd et al. , 1994). 
51 
Traction 
Forces 
Predicted Continuum 
Elastic Cell 
FEM Model 
....,. Displacement ....,. Upred(x,y) = Umeas(X,y)? 
Shear Modulus ~ 
~(x,y) 
Field , Upred(x,y) 
Update 
~(x ,y) 
__jNo? 
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Cell traction forces were input into the FE model of the cell. An initial shear modulus 
distribution p:( , ) was guessed and then used to predict a displacement field Uprect(x, y). 
The predicted displacement field was compared with the experimentally measured 
displacement field, Umeas(x, y). The shear modulus distribution was then iteratively 
updated until the difference between the two displacement fields was minimized. Taking 
the final displacement mismatch as an indicator of displacement measurement error 
allowed us to predict a displacement SNR for each cell. These values ranged from 1.06 to 
5.9, with median 1.57. From Canovic et al. (2014a). 
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Post Processing 
After solving for the shear modulus distribution (Fig. 4.6a), the prestress tensor, 
a0 (x,y) , was calculated using the computed shear modulus distribution, jl(x,y), and the 
tractions acting on the cell in its initial configuration, To. A forward FE model was solved 
using the known applied traction forces in its initial configuration and the previously 
computed spatially varying shear modulus. We needed to fix three displacement 
components to fix rigid body modes. Therefore we fixed three degrees of freedom to be 
zero. 
Since jl(x,y)and a0 (x,y) were computed assuming an arbitrary uniform cell 
thickness h, a height correction was made by multiplying computed values by the 
correction factor hjh(x,y) where h(x,y) is obtained from three-dimensional information 
of the phagocytosed micro beads. As a scalar metric of the prestress (P) we used von 
Mises stress P = ~cr~xx - cr oxxcr Oyy + cr~YY - 3cr~xy , where cr OiJ are Cartesian components 
of the height-corrected prestress tensor. 
Our iterative inversion scheme requires an initial guess of jl(x,y). Areas of the 
cell without beads tend to stay around this guess, as there is no displacement data to drive 
them away from it. Thus, we could solve the inverse problem using several different 
initial guesses for ji and compute the how it varied spatially. A threshold is chosen based 
on the variance in headless regions of the cell. We only consider areas of the cell below 
this variance threshold when computing average modulus and prestress. 
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4.5 Results 
Cell Biomechanical Imaging 
Cell biomechanical imaging was successfully developed as a method to generate 
subcellular maps of cell shear modulus and prestress, using simultaneous measurements 
of cellular traction forces and intracellular displacements. Maps of !l(x,y) (Fig. 4.6A) 
and a0 (x,y) (Fig. 4.6B) were generated assuming a uniform cell thickness of(h = 5 
11m). These maps are then corrected for cell height using a height profile h(x,y) (Fig. 
4.6C). This caused a substantial change in the final shear modulus, ~-t(x,y), (Fig. 4.6D) 
and prestress, CJ 0 (x, y) , maps (Fig. 4.6E). Measurements were carried out on a total of n 
= 18 cells. 
Cell Viscoelastic Relaxation 
We sought to ensure that traction forces were stable during the time course 
necessary for acquisition of a z-stack of images of intracellular markers and the patterned 
substrate. To do this, timelapse images of a cell were acquired for 130s after application 
of stretch (Fig. 4.7). These data demonstrate that tractions are stable for at least the 30s 
needed to fully acquire all images and that relaxation of tractions does not occur. 
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Shear modulus (A) and prestress (B) averaged through a reference constant cell height= 
5!J.m, were calculated using the algorithm in Fig. 3.5. The three-dimensional positions of 
the phagocytosed beads are then used to generate an approximate height profile of the 
cell (C). This height profile is used to update cell shear modulus (D) and cell prestress (E). 
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Figure 4. 7 Traction Force Tim elapse After Stretch 
The timecourse of the magnitudes of traction vectors (A) are shown for ten different 
adhesion sites of a single cell (B) over the course of 130 s immediately after application 
of 8% uniaxial strain. The color of each traction timecourse shown in (A) corresponds to 
the color of the adhesion site shown in (B). Arrows in (b) indicate direction and 
magnitude of the traction vector at that adhesion site. From Canovic et al. (2014a). 
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Shear Modulus vs. Prestress Relationship 
The idea that the cytoskeletal prestress has a stabilizing effect on cell shape was 
introduced by the cellular tensegrity model ( cf. Ingber 1993). According to this model, 
cells do not have intrinsic shape stability in the face of applied mechanical load and thus 
they need to be stabilized by internal prestress generated primarily by the cytoskeletal 
contractile apparatus. Consequently, the cell's resistance to shape distortion (a measure of 
which is the shear modulus) will increase in almost direct proportion with increasing 
contractile prestress (Stamenovic & Ingber, 2002; Wang et al., 2002). Results of our 
measurements (Fig. 4.8) support this prediction, showing that, at the whole cell level, the 
volume average of shear modulus increases with increasing level of volume-averaged 
prestress. This is also consistent with previous fmdings (Fernandez et al., 2006; Krishnan 
et al., 2009; Lam et al., 2012; Stamenovic et al., 2004; Wang et al., 2001; Wang et al., 
2002). 
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regressiOn. 
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While our biomechanical imaging data recapitulates the linear relationship 
between shear modulus and prestress on the whole cell level (Fig. 4.8), the power of 
biomechanical imaging is that it provides subcellular resolution. By cross-plotting shear 
modulus and prestress maps (Fig. 4.6d vs. Fig 4.6e ), the subcellular relationship between 
stiffness and prestress can be explored. Intracellular 1-1. vs. P plots were obtained for n = 18 
cells. As a measure of correlation between 1-1. and P, we calculated the Pearson's 
correlation coefficient (R) for each cell. We considered the correlation to be strong if IRI 
> 0. 7, moderate if 0.5 < IRI ~ 0. 7, weak if 0.2 < IRI ~ 0.5, and no correlation if IRI ~ 0.2. 
We considered the correlation to be significant at ~0.05 level of significance if IRI > 2/n 112, 
where n is the number of data points. We fitted the 1-1. vs. P relationships by linear 
regressions using the total (Deming) regression model since both 1-1. and P were errors-in-
variables. 
In all cells the data exhibited scattering and positive and significant correlations. 
Those correlations were strong in 12 cells, moderate in 5 cells, and weak in 1 cell (Table 
4.1). Representative plots for each case are shown in Fig. 4.9. The slopes of the linear 
regressions exhibited high cell-to-cell variability, ranging from ~2.24 to~ 7 .65. On 
average, the )l vs. P slope of the strong correlations (3.31 ± 1.09) was smaller than the 1-1. 
vs. P slope of the weak to moderate correlations (5.34 ± 1.95), and this difference was 
significant (p = 0.011). The intercepts were much smaller in the cells with strong 
correlations than in the cells with the weak to moderate correlations (Table 1 ). On 
average, the intercept associated with the strong correlations (-0.00585 ± 0.0114) was not 
significantly different from zero (p = 0.1 04), whereas the intercept associated with the 
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weak to moderate correlations (-0.915 ± 0.62) was significantly different from zero (p = 
0.015). Taken together, these results suggest that in 2/3 ofthe observed cells f.l increased 
nearly proportionally with P. 
Cell# 
1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
R 
0.825 
0.559 
0.805 
0.826 
0.262 
0.663 
0.886 
0.696 
0.512 
0.887 
0.550 
0.889 
0.827 
0.840 
0.750 
0.822 
0.736 
0.918 
Slope 
2.300 
7.616 
6.145 
4.344 
7.651 
3.541 
2.623 
3.251 
5.603 
3.295 
4.404 
2.976 
2.952 
2.236 
3.044 
3.657 
3.690 
2.458 
Intercept 
-0.075 
-1.248 
-0.284 
-0.040 
-2.008 
-0.376 
-0.154 
-0.426 
-0 .774 
-0.115 
-0.656 
0.046 
-0.162 
-0.026 
0.026 
0.085 
-0.109 
0.106 
Table 4.1 Linear Regression Data of Shear Modulus vs. Prestress Crossplots 
Table of values from linear regressions of crossplots of shear modulus vs. prestress of n = 
18 cells. Values for correlation coefficient R, the regression slope and the intercept. From 
Canovic et al. (20 14b ). 
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Figure 4.9 Representative Plots of Intracellular Shear Modulus vs. Prestress Data 
Crossplots and the corresponding linear regressions (solid line) for (A) a cell with a 
strong correlation (Cell #18 from Table 4.1), (B) a cell with a strong correlation (Cell #3 
from Table 4.1 ), (C) a cell with a moderate correlation (Cell #6 from Table 4.1 ), and (D) 
a cell with a weak correlation (Cell #5 from Table 4.1). From Canovic et al. (2014b). 
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4.6 Technique Validation and Limitations 
One challenge in validating any new tool to measure cell mechanical properties is 
the lack of standard techniques available at cellular length scales. One approach is to 
perturb cell properties with chemical treatments that stiffen or soften cells to demonstrate 
that cell stiffness measurements have increased or decreased, respectively (Chen et al. , 
2010; Hubmayr et al. , 1996; Krishnan et al., 2009; Lam et al. , 2012; Smith et al. , 2005; 
Stamenovic et al. , 2004; Trepat et al. , 2009; Wang et al., 2002), although this approach 
may not indicate that bulk values of cell material properties are accurate. Magnetic 
cytometry, AFM, microrheological approaches, and calibrated probes such as optical 
tweezers can be tested against materials whose bulk properties can be verified. For 
example, micro- and nano-scale AFM indentation measurements of soft hydro gels used 
for cell culture can be verified with macroscale rheological measurements . At larger 
length scales, elastography has been clearly shown to accurately recapitulate tissue 
stiffness. However for the small length scale explored with biomechanical imaging, we 
employed simulated data to determine the accuracy of our approach. 
To validate our technique, we attempted to reconstruct simulated shear modulus 
data. We assigned an arbitrary distribution of the shear modulus, with several stiff 
inclusions, to the cell geometry and tractions measured from a cultured cell (Fig 4.1 OA). 
Using noisy displacement data calculated from the assigned shear modulus, 
biomechanical imaging was carried out using the procedure described in Fig. 4.5. The 
density of such obtained displacement field was then decreased from 100% ofFE nodes 
(Fig 4.10B,E) to - 5% ofFE nodes (Fig 4.10D,G), the latter being approximately the 
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amount of displacement information available in a typical biomechanical imaging 
experiment. 
We found that our estimates of cell shear modulus are strongly dependent upon 
the density of fiducial markers within the cell and the estimated height of the cell. 
Nevertheless, major features in the shear modulus distribution were preserved even with 
the -5% displacement information (see the stiff, 7 kPa region in Fig. 4.1 0). However, 
regions with large gradients in stiffness are not recapitulated in the biomechanical image. 
Note the inability to capture the transition from 7 kPa to 1.5 kPa over a distance of only 2 
J..Lm when using the lowest level of displacement information (Fig. 4.1 0). An 
improvement in spatial resolution would result from an increase in the density of 
displacement measurements within the cell. We envision an improvement in this regard 
through the use of fluorescent intracellular structures (e.g., actin or mitochondria), which 
would also overcome the need to use internalized beads for displacement mapping. This 
would also negate the requirement of incubating the cells with the micro beads. 
Fluorescent intracellular structures have been successfully used previously as 
intracellular displacement markers (Hu et al., 2003). 
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Figure 4.10. Simulated Cell Biomechanical Imaging Data 
A simulated shear modulus map was assigned to the dimensions of a cultured cell (A). In 
order to verify the accuracy of biomechanical imaging analysis methods, an FE mesh was 
constructed and used with a decreasing amount of internal displacement information (B-
D) in order to construct shear modulus maps of the simulated cell (E-G). FE mesh nodes 
with displacement information are labeled as a red "o" and nodes without displacement 
information are labeled as a black "x". Shear modulus maps were reconstructed assuming 
displacement information at 100% of FE mesh nodes (B, E), 50% of FE mesh nodes (C, 
F), and 4.3% of FE mesh nodes (D, G). Data shown in panels D and G correspond to the 
amount of internal displacement information typically available when using internalized 
fluorescent microbeads (4.3% of measurements relative to the number of FE mesh nodes). 
From Canovic et al. (2014a). 
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4. 7 Discussion 
We developed a novel biomechanical imaging technique capable of mapping 
distributions of both cell stiffness and cell prestress within a single cell with subcellular 
resolution and over time intervals that do not exceed 30 s. The complexity of 
biomechanical imaging lies only in the solution of the inverse problem. However, the cell 
culture tools are founded on well-established protocols. Biomechanical imaging will be 
immediately useful for studies in cell mechanobiology since it allows control of the 
substrate rigidity, while also permitting control of cell shape and the topography of 
adhesive ligands for cell attachment, spreading, and migration. We now critically review 
the model assumptions, technique advantages and disadvantages and the implications of 
key findings. 
When evaluating our model assumptions, it is important to keep in mind the 
words of George Box: "All models are wrong, but some are useful." Our model considers 
cells as linearly elastic, incompressible and isotropic materials, whereas living cells are 
known to exhibit nonlinear, inelastic and anisotropic behaviors and that their volume can 
change during spreading or under hyperosmotic pressure. These limitations, however, are 
inherent to almost all current microrheological techniques in cellular mechanics. In this 
study we used relatively small, steady strains (:S8% ), which should not produce 
significant strain-hardening or other nonlinear effects. Furthermore, we showed that 
imposing uniaxial stretch to the cell did not produce visible viscoelastic relaxation of 
traction forces or other time-dependent effects (Fig. 4.7). In principle, we can model the 
cell as a nonlinear, inelastic, compressible and anisotropic material, but that would 
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require multiple deformation modes to be applied to the cell in order to determine 
multiple material constants. Future improvements to biomechanical imaging would 
consider cells as viscoelastic, or even poroelastic materials. 
One key advantage ofbiomechanical imaging is that it provides maps of cell 
prestress with subcellular spatial resolution. Given the large intracellular variability in 
cell stiffness that has been reported (Guo et al., 2012; Heidemann & Wirtz, 2004; Park et 
al., 2005), it is not surprising that our data indicate large variability in intracellular 
prestress. Earlier attempts to obtain spatial maps of the prestress from intracellular 
displacements have had limited success since those displacements were analyzed using 
an algorithm for computation of traction forces at the cell-substrate interface (Hu et al., 
2003). Recently, Tambe et al. (2013) were able to obtain spatial maps of prestress in cell 
clusters based on traction measurements and the assumption of constant Poisson's ratio of 
the cell. However, in order to obtain spatial maps of the elastic modulus, they assumed 
that the modulus is proportional to the prestress, which implies the same spatial 
distributions of the two. While our methodology implicitly assumes a constant Poisson's 
ratio via the assumption of incompressibility (i.e., v = 0.5), we computed the shear 
modulus distribution based on traction and intracellular displacement measurements, not 
assuming that the modulus and the prestress are associated. We found that the spatial 
distributions of the shear modulus and the prestress are similar but not identical (Fig. 4.6). 
Therefore, we have reason to believe the methodology presented here can provide more 
accurate results than the one reported previously by Tambe et al. (2013). 
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A second advantage ofbiomechanical imaging is that it utilizes intracellular 
markers of cell deformation, which is an improvement over techniques that probe the 
surface of the cell for generation of stiffness maps. Although microrheology obtains 
intracellular measurements by tracking the thermally driven motion of small beads (Wirtz 
2009), this technique cannot provide spatial maps of shear modulus and prestress. Spatial 
maps of cell stiffness have been obtained previously using AFM (Guo et al. 2012; Solon 
et al. 2007). While those measurements provide high resolution and accuracy, they have 
two major limitations. First, AFM measurements are complex and dependent upon the 
approach used. Small indentation depths of, e.g., only a fraction of a micrometer to as 
little as tens of nanometers (Park et al. 2005) may lie in a strain regime where stress and 
strain are approximately linear, but these measurements only probe the cortical 
cytoskeleton of the cell. Larger indentation depths of one to multiple micrometers 
provide a stiffness measurement that is a better representation of an average through the 
cell height, although these measurements may be compromised by the stiffness of the 
underlying substrate and require a more rigorous analysis (Mahaffy et al. 2004). Second, 
AFM imaging is time-consuming, with imaging time being directly related to the spatial 
density of indentation measurements. At high spatial resolution requiring many minutes 
of acquisition time, AFM imaging may stimulate active remodeling of cells that could 
alter their mechanical properties (Rive line et al. 2001 ). In contrast, our biomechanical 
imaging technique can provide spatial maps of the subcortical cellular stiffness over a 
much shorter time interval ( <30 s). Indeed, traction forces were shown to remain 
unchanged over the course of our biomechanical imaging protocol (Fig. 4. 7). 
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Lam et al. (20 12) recently made a major advance in mapping intracellular 
stiffness. Using a stretchable micropost array, they generated maps of subcellular elastic 
modulus. Their approach is similar to the one presented here in principle, but differs in 
important details. Perhaps most important is our use of internalized fiducial micro beads 
instead of micropost displacement to track cell deformation. Lam et al. (20 12) used 
micropost displacement as a measure of both cell deformation and applied traction force. 
The cell displacement in the neighborhood of the applied force, however, is strongly 
dependent upon the contact area. A basic solution in plane stress linear elasticity shows 
that the displacement scales with logr (the Green's function), where r is the radius of 
contact with the micropost. Therefore, measuring displacement at the point of force 
application leads to the prediction that the displacement should diverge (i.e., when r - 0, 
then logr - -oo) with mesh refinement. Tracking the displacement of micro beads whose 
positions do not typically coincide with the applied forces alleviates this difficulty, as r in 
this case is always finite. Alternatively, one might treat the contact forces as distributed 
over the contact area, as is done with the force estimation in our micropatterning 
approach. Other details in which the approaches differ include local height corrections, 
determination of confidence regions, and the incorporation of prior information through 
regularization. 
Our method of cell height mapping is a novel contribution to cell stiffness 
measurements, as cell height has previously only been measured with AFM. However, 
our method for calculating height does present certain limitations. Cell height mapping 
uses the highest local positions of internalized cell beads, thus our approach 
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underestimates cell height. This is most important along the cell periphery, where fewer 
internalized beads may limit the accuracy of cell height prediction. Although this remains 
a concern, it is notable that a substantial change in local predictions of cell stiffness 
results after height correction (see Fig. 4.6), and thus cell height correction is an 
important component of data processing and should be considered in cell stiffness studies. 
One improvement to cell height estimation may result from the use of a fluorescent 
lipophilic indocarbocyanine dye such as Dii, although an improved image processing 
algorithm must also be developed. 
Subcellular spatial maps of cytoskeletal prestress are novel results and provide 
first insight into intracellular stress distribution. Importantly, the cellular prestress 
distribution is calculated in a way that explicitly accounts for the heterogeneous shear 
modulus distribution within the cell. This permits one to evaluate, for example, the 
correlation between prestress and shear modulus. We demonstrated the application of this 
technique by cross-plotting the subcellular shear modulus and prestress distributions of 
living fibroblasts . Results of our measurements showed that shear modulus correlated 
linearly with prestress, both at the whole cell level and subcellular level, thus confirming 
the earlier finding that a cell's ability to resist shape distortion is innately linked to cell 
contractility. 
Cell stiffness is the result of a cell ' s integrated response to a number of 
microenvironmental cues, including ligand density and topography, cell shape, and 
matrix rigidity. As biomechanical imaging can be used in culture environments that 
permit independent control of ligand topography, cell shape, and substrate rigidity, while 
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also allowing long-term culture, we envision a number of open questions in 
mechanobiology that may be addressed with this tool. First, almost all cell types are 
capable of modifying the local microenvironment through ECM deposition and 
remodeling. Biomechanical imaging could be useful in determining how cell and matrix 
stiffnesses change as a result of ECM remodeling, which is important to understand for 
long-term cultures needed in tissue engineering and regenerative medicine applications. 
Another promising application of biomechanical imaging is in determining how 
stiffness and prestress are distributed within multicellular clusters. Previous work has 
shown that multicellular clusters develop spatially coordinated cell behaviors such as 
proliferation (Nelson et al. 2005). Our approach, allowing mapping of prestress and 
stiffness, may shed light on the mechanical contributions to spatially regulated 
multicellular behavior, especially in the context of endothelial and most epithelial cell 
types that exist in vivo in two-dimensional sheets. 
Finally, we anticipate a number of basic cell mechanobiology studies that are 
permitted with this tool. Subcellular resolution of cell stiffness and prestress mapping, in 
combination with traction measurements, will be informative in dynamic contexts such as 
cell migration resulting from durotaxis versus chemotaxis and during development of 
cell-cell contacts. Being able to independently monitor shear modulus and prestress 
further allows one to track changes in those properties over time after, for instance, the 
cell is biochemically or otherwise challenged. Therefore, being able to simultaneously 
compute stiffness and prestress as presented here enables a number of investigations 
beyond the scope ofthis feasibility study. 
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CHAPTER 5: CELL RESPONSE TO STRETCH 
5.1 Introduction 
With every breath, blood flow, peristalsis of the gut, diverse cells in the body 
experience appreciable mechanical forces. In response to commensurate forces imposed 
in vitro, cells microstructure rearranges locally as the cell body reorients globally 
(Hayakawa et al., 2001; Kaunas et al., 2005; Takemasa et al., 1997; Wang et al., 2001, 
2000; Wang, 2000). To explain these responses, the idea of upstream mechanosensing 
and downstream cell signaling remains the dominant paradigm (Chien, 2007; Kaunas et 
al., 2005; Lee et al., 2010; Yano et al., 2004). 
The concept of mechanosensing rests upon the premise that the cell senses 
external mechanical signals by exerting contractile forces upon neighboring cells and/or 
the ECM (Bischofs & Schwarz, 2003), which then feedback via mechano-chemical 
transduction to alter downstream cellular functions. Since traction forces arise in response 
to cellular contraction, one might predict that inhibition of cell contractility should 
diminish the cell's ability to sense and respond to mechanical stretch, and, indeed, when 
cell contractility is inhibited pharmacologically cell reorientation in response to stretch is 
slowed or abolished (Wang et al., 2000). On the other hand, it has been shown that in 
response to periodic stretch cellular traction forces become progressively attenuated in a 
process known as fluidization (Krishnan et al., 2009), but the cell reorients nonetheless 
(Hayakawa et al., 2001; Kaunas et al., 2005; Takemasa et al., 1997; Wang et al., 2001, 
2000). If traction forces were an important determinant of cell reorientation, then these 
two observations would appear to be at odds. To resolve this discrepancy, we measured 
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cellular traction forces in reorienting cells. We also developed a mathematical model of 
SF realignment, using a framework of elastic stability and experimental data on 
fluidization. The contents of this chapter have been compiled from our earlier 
publications (Krishnan et al., 2012; Pirentis et al., 2011). 
5.2 Experimental Methods . 
Experimental Protocol 
HUVECs were sparsely plated on soft ( 4 kPa) polyacrylamide gels coated with 
collagen I, prepared as described in Sec. 3.3. Isolated HUVECs, that were at least a cell 
distance apart from their neighbors, were selected for stretch experiments. This was done 
in order to avoid confounding effects of mechanical communication between neighboring 
cells (Reinhart-King et al., 2008). Single cells were imaged every 5-7 min for 2 h while 
subjected to a uniaxial trapezoidal pulse waveform (::S1 s loading, 3 s hold, :::;1 s 
unloading). Pure uniaxial stretch was applied using the technique described in Sec. 3.5. 
The following stretch protocols were used: 
A. 10% uniaxial strain repeated every 49 s (n = 10 cells) 
B. 5% uniaxial strain repeated every 49 s (n = 6 cells) 
C. 10% uniaxial strain repeated every 900s (n = 6 cells) 
D. Time-control, no strain (n = 5 cells) 
E. Contraction inhibition by Y27632 followed by 10% uniaxial strain repeated every 
49 s (n = 8 cells) 
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The pulse train waveform was motivated by a previous observation that in response to a 
pulse waveform, cytoskeletal fluidization and resolidification become fully revealed, 
while other material responses (e.g., strain stiffening and stress relaxation) of the cell are 
minimized (Trepat et al., 2008). 
Quantify Cell Traction Forces 
We used FTTM (Sec 3.4) to compute cellular traction forces. From the traction 
field, we calculated the contractile moment matrix (M) as a first order moment of the 
traction field. By constructing an ellipse whose semiaxes are equal to the eigenvalues and 
directions determined by the corresponding eigenvectors of M, we could track traction 
field realignment, following the angle (9) of the major axis of the ellipse relative to the 
axis perpendicular to stretch. By calculating components of M in the direction parallel 
with the stretch axis (Mil) and in the direction perpendicular to the stretch axis (M_l_), we 
could track changes of the traction field along these two directions. In the few cases 
where tractions were attenuated to the level comparable with the background noise (bead 
displacements ::;0.2 J.Lm), our computations yielded small but negative values of Mil and 
Ml_. As these are not physically feasible, we replaced them with zero. 
Quantifying Cell Morphology 
To quantify morphological changes during reorientation, we calculated the area 
moment of inertia matrix (J) as the second moment of the cell projected area. By 
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constructing an ellipse whose semi-axes are equal to the eigenvalues and directions 
determined by the corresponding eigenvectors of J , we could track reorientation of the 
cell body. This reorientation was further quantified as the angle(<!>) of the major axis of 
the inertia ellipse relative to the axis perpendicular to stretch. These calculations were 
carried out at approximately the same time points where we calculated M. 
Because the axis of orientation is defined modulo 1t, we picked -90° to +90° as 
the range of both 8 and <j>, adding or subtracting 180° to avoid discontinuities in the 
evolution of8 and <j>. In the remainder of the text we refer to 8 and <1> as 'traction angle' 
and ' cell body angle', respectively. 
Orientation Variance 
To quantify changes in traction field and cell body orientation during stretch, we 
defmed the orientation variance ( 0 V) by doubling all angles to span the range -180° to 
+ 180° and then applying the standard circular variance. This resulted in 
where a can be either 9 or <j>, and N is the total number of data points. The orientation 
variance is a measure of variation in traction field or cell body orientation on a scale from 
0 to 1; OV = 0 when all tractions or cells are oriented in the same direction and OV = 1 
when the distribution is uniform. 
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5.3 Results 
Traction Changes in Response to Cyclic Strain 
Pulses of 10% strain that were repeated every 49 s caused the cell body and the 
traction field to reorient (Figs. 5.1, 5.2A, B). Despite the large variability in initial 
orientation and baseline contractility between cells, traction reorientation in every tested 
cell was characterized by an initial prompt attenuation of the traction forces. Following 
this initial attenuation, Mil continued to decrease and eventually saturated at low values, 
whereas M1_ gradually recovered (Fig. 5.1B). 
For almost all examined cells, the traction angle e converged close to oo within 
~40-50 min from the onset of stretch and stayed virtually unchanged thereafter (Fig. 
5.2B). The cell body angle <I> took much longer to converge, however (Fig. 5.2A), 
indicating that reorientation of the cell body lagged reorientation of the traction field. To 
quantify these processes, we compared the variance ofe (OVe) and that of <1> (OV<I>). Both 
decreased with increasing time (except during initial stretches), but OVe decreased faster 
than did OV<1> (Fig. 5.2C), indicating that cell body reorientation lagged traction field 
reorientation. At the end of the 2 h period, both OVe and OV<I> converged to near zero, 
indicating that both the traction field and the cell body became aligned nearly 
perpendicularly to the axis of stretch. 
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Figure 5.1 Effect of Periodic Stretch on Single Cell Traction Forces 
Traction maps for a representative cell (A) before (0 min) and during ( 40 min and 100 
min) periodic stretch pulses of 10% strain repeated every 49 s. Double-headed arrows 
indicate the stretch axis. The cell ' s traction field can be represented as a timecourse of the 
parallel, Mil, and perpendicular, Ml_, components of the cell's contractile moment (B). 
After 40 min of stretching, the traction field has greatly diminished, but by 100 min, the 
traction field has recovered and oriented in the direction perpendicular to stretch. From 
Krishnan et al. (2012). 
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Figure 5.2 Effect of Periodic Stretch on Cell Morphology and Traction Forces 
In response to 10% strain pulses that are repeated every 49 s, the cell body angle <1> (A) 
and the traction angle 8 (B) converge to oo over the observed 2 h period. The rate of 
decrease of 8 is greater than that of <j>, as shown by the difference in the time dependence 
of their respective orientation variances OVq, and OVa (C). This difference indicates that 
reorientation of the cell body lags reorientation of the traction field. Data shown in A and 
Bare from 8 representative cells; each symbol corresponds to a different cell. Data 
shown inC are obtained from n = 10 cells. From Krishnan et al. (2012). 
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No-stretch control 
In the absence of stretch, cells showed no systematic reorientation of the cell body 
or the traction field (Figs. 5.3A, B). Orientation variances OVe and OVq, showed no 
systematic time dependences and remained similar throughout the observed 2 h period 
(Fig. 5.3C), indicating that the traction field and the cell body stayed closely aligned. 
Reduced Stain Amplitude 
Next, we reduced strain amplitude to 5%, while maintaining same stretch 
frequency. Reducing strain amplitude induces less attenuation of traction force, 
suggesting less cytoskeletal fluidization (Chen et al., 201 0; Krishnan et al. , 2009). If so, 
then one would predict that with reduced strain amplitude it would require a greater 
number of stretch cycles to attenuate traction forces and then allow them to reorient. 
Indeed, when we lowered strain amplitude to 5% while maintaining the s~me strain 
frequency, we observed reduced traction force attenuation (by ~20%) and reduced 
traction force and cell body reorientation within the 2 h stretch period (Fig. 5.4). 
Reduced Stretch Frequency 
Lowering strain frequency, by contrast, allows more time between stretches for 
traction recovery via resolidification (Krishnan et al. , 2009). If so, then one would predict 
that no reorientation should occur if the frequency were low enough to allow complete 
traction recovery between stretches. Indeed, when we applied pulses of 10% periodic 
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strain imposed every 900 s, we observed reorientation of neither the traction field nor the 
cell body within 2 h (Fig. 5.5). Together, these findings suggest that the characteristic 
timescale of cell reorientation is not that of viscoelastic relaxation processes (Donovan et 
al., 2010), but rather is linked to that of the cytoskeletal resolidification. 
Contractile Inhibition 
Inhibiting Rho-kinase through the drug inhibitor Y27632 did not affect the 
fluidization response but inhibited resolidification. Since resolidification sets the 
characteristic timescale of cell reorientation, inhibiting Rho-kinase also inhibited 
reorientation the cell body (Fig. 5.6C). In this connection, it has been observed previously 
that in endothelial cells with inhibited Rho-kinase actin bundles assemble in response to 
periodic stretch along the axis parallel with stretch (Kaunas et al., 2005; Lee et al., 2010). 
However, those bundles are probably not contractile, for if they were we would have 
observed tractions oriented in the direction parallel with, not perpendicular to stretch (Fig. 
5.6B). Thus we conclude that those fibers are formed as a result of stretch-induced 
bundling of non-contractile actin filaments (Lee et al., 201 0). 
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Figure 5.3 Cell Morphology and Traction Forces during No-Stretch Control 
In the absence of stretch, cell body angle<!> (A) and the traction angle 8 (B) show little 
reorientation over the observed 2 h period. The corresponding orientation variances OV<P 
and OVe exhibit no systematic time dependence and remained similar (C), indicating that 
the cell body and the traction field stay closely aligned during the observed 2 h period. 
Data are from n = 5 cells; each symbol corresponds to a different cell. From Krishnan et 
al. (2012) 
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Figure 5.4 Cell Morphology and Traction Forces during Reduced Strain Amplitude 
In response to 5% strain pulses that are repeated every 49 s, the cell body angle<!> (A) and 
the traction angle e (B) show minimal or no reorientation over the observed 2 h period, 
except in one cell (black triangles) where both<!> and e rapidly converge to oo -60 min 
following onset of stretch. The corresponding orientation variances OV4> and OVe exhibit 
no systematic time dependence within the first 60 min and then sharply decrease (C). 
This decrease reflects the trend of a single cell shown by the black triangles in A and B. 
Data are from n = 6 cells; each symbol corresponds to a different cell. From Krishnan et 
al. (2012) 
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Figure 5.5 Cell Morphology and Traction Forces during Reduced Strain Frequency 
In response to 10% strain pulses that are repeated every 900 s, the cell body angle <1> (A) 
and the traction angle e (B) show minimal reorientation over the observed 2 h period. The 
corresponding orientation variances OV<P and OVe slightly decrease with increasing time 
and remain similar (C), indicating that the cell body and the traction field stay closely 
aligned during the observed 2 h period. Data are from n = 6 cells; each symbol 
corresponds to a different cell. From Krishnan et al. (2012) 
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Figure 5.6 Cell Morphology and Traction Forces during Contractility Inhibition 
In cells pretreated with Y -27632, in response to 10% strain pulses that are repeated every 
49 s, the cell body angle <j> shows little tendency to reorient except in one cell (gray 
circles) (A), whereas the traction angle 8 converges to oo (B). The corresponding 
orientation variances OVq, and OVe diverge over the observed 2 h period (C). This 
difference indicates that the cell body does not follow reorientation of the traction field. 
Data are from n = 8 cells; each symbol corresponds to a different cell. From Krishnan et 
al. (2012) 
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5.4 Theoretical Model of the Actin Cytoskeleton 
Stress Fiber Model 
To explain the contributions of actin fluidization and resolidification in cell 
realignment, we proposed a mathematical model based on minimization of total potential 
energy (II) of individual cytoskeletal stress fibers (SFs). The SF is modeled as a 
prestressed linearly elastic spring, with length L, cross-sectional area A, and Young's 
modulus E. It is anchored to the substrate via a pair of focal adhesions (FAs) located at 
the endpoints (Fig. 5.9). The SF is subjected to a pure uniaxial stretch pulse train. II was 
minimized during stretch periods and during the relaxation periods. The SF orientation 
for which II attained a global minimum was considered as the stable configuration. A 
physical basis of this reasoning is explained as follows. 
For any elastic system, 
II=U+V (5.1) 
where U is the elastic strain energy in the SF, and Vis the applied load potential. The 
elastic strain energy is defined as 
clAL U=--
2E 
(5.2) 
The force potential is equal to the negative work of the tensile force, aA, done on 
the displacement, u, along the SF. 
V = -aAu. (5.3) 
Since at equilibrium dlljda = 0, we can use Eqs. (5.1)- (5.3) to solve for u: 
89 
CYL 
u=-
E 
Combing Eqs. (5.1)- (5.4), we obtain the following expression for the 
equilibrium total potential energy 
-CYAL TI=--
2E 
Strain Transmission to the Stress Fiber 
(5.4) 
(5.5) 
The stress cr ofthe SF is the sum ofthe prestress (cro) and the stress induced by 
substrate stretching, (~cr), a= a 0 +~a; where ~cr is determined by the elastic properties, 
E, of the SF and by the strain, 89, of the SF induced by stretching, i.e. ~cr = £89. Since 
substrate strain is uniaxial, it varies depending on the angle of orientation, e, of the SF. 
For pure uniaxial stretching with applied strain 8s, the linear approximation of the 
substrate strain 89 for small strain amplitudes is given as follows (Stamenovic et al., 
2009) 
1 
&9 =-s5 (l+cos 20) 2 (5.6) 
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Figure 5.9 A Free-Body Diagram of the Model of the Stress Fiber 
The stress fiber has length L with two focal adhesions at the endpoints. The SF carries 
tensile stress ( cr) that is opposed by traction ( 't) at the FA interface with the substrate. The 
pair of traction forces exerted on the substrate creates the force contraction dipole with d 
indicating the separation distance between the forces. From Pirentis et al. (20 11 ). 
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Fluidization and Resolidi.fication 
We consider in our model that the substrate is stretched uniaxially by a square-
wave stretch pattern with stretching and relaxing intervals of equal duration. After each 
stretch pulse, the SF promptly fluidizes. During the relaxing interval, the SF resolidifies. 
We modeled fluidization as a decrease in cro, and resolidification was modeled as a 
recovery of cro. We assume initially, before stretching, that the initial or baseline prestress, 
cro,bl, is the same for all orientations of SFs. Following a stretch pulse, SFs whose 
orientations are more stretch-dependent will undergo greater straining and therefore, 
greater fluidization and a greater decrease in prestress than SFs that are oriented along 
less stretch-dependent directions. Using data from Krishnan et al. (2009), we quantified 
the relationship between SF strain and amount of fluidization by fitting a third-order 
polynomial to experimental data ( cr 0 I cr o,bl = 1-1.15E9 + 140E ~ - 587E! ) . After 
fluidization, the SF resolidifies and recovers part of its prestress. At the end of the 
relaxing period, the amount of prestress recovery was defined ad hoc as 65% of pre-
stretch levels. 
In the subsequent stretching intervals, the stress in the SF equals the sum of the 
recovered prestress and the elastic stress induced by Ee. As a result of this process, a 
complete ablation of the prestress in an SF can be attained after several repeated stretch-
unstretch cycles. In our model, we assume that once the stress level in an SF reaches zero 
because of fluidization, the fiber disassembles. 
92 
Stability Analysis 
We now define a non-dimensional potential, by normalizing Eq. (5.5) by the 
absolute value ofthe baseline potential, i.e., II\,1 = a~,b1AL/2E, 
( J
2 
II--~+ Ece 
a o,bl a o,bl 
(5.6) 
In search of stable configurations, we use the principle of minimum total potential 
energy. It asserts that a body shall deform and/or displace to a position that minimizes the 
total potential energy of the body, with the lost potential energy being dissipated. At 
equilibrium, the global minimum potential energy configuration is a stable configuration, 
according to the Maxwell's criterion. In other words, stability requires that an SF assume 
the orientation 9 that minimizes II (i.e. 8IIj89 = 0 and 82IJ/892 > 0). 
We calculated the total potential energy landscape as a function of stress fiber 
orientation (Fig. 5.10). During first two stretching intervals, e = 0° (parallel to stretching) 
corresponds to the energy minimum and e = 90° (perpendicular to stretching) to the 
energy maximum (Fig. 5.10A). During the subsequent stretching intervals, e = 90° 
matures into a local minimum configuration while 9 = 0° remains the global minimum 
until SFs that reach a zero stress level begin to be progressively eliminated (n ~ 5 cycles). 
At that point, e = 90° becomes and remains the global minimum configuration for all 
subsequent cycles (Fig. 5 .lOA). During relaxing intervals, 9 = 90° is always the 
minimum and e = oo is always the maximum energy configuration (Fig. 5.10B). Taken 
together, these results suggest that as stretching progresses, 8 = 90° becomes 
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energetically the most favorable configuration and thus new SFs formation is favored in 
this direction. 
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Figure 5.10 Potential Energy Landscape of the Stress Fiber Model 
Changes in the total potential energy (II) landscape as a function of the orientation (8) of 
stress fibers and different numbers (n) of stretch cycles. Where energy curves do not span 
the whole range of angles, stress fibers have fluidized to the point where their stress is <0, 
and have disassembled. During stretch (A), there is initially a minimum at 8 = 0°. 
However, after repeated stretch cycles, fibers in those orientations disassemble, and a 
new minimum appears at 8 = 90°. During relaxation (B), there is a minimum at 8 = 90°, 
which remains a minimum regardless ofthe number of stretch cycles. From Pirentis et al. 
(2011). 
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Review of Model Assumptions 
A key assumption in our model is that fluidization of individual SFs mirrors that 
of the whole cell. This is a reasonable assumption considering that SFs are main 
components of the contractile CSK and that observations indicate that fluidization of 
living cells is tightly coupled with their contractility (Krishnan et al., 2009; Trepat et al., 
2007). In the absence of a better understanding of the physical bases for the observed 
decrease in contractile stress during fluidization, we also assume that fluidization in SFs 
is characterized by depletion of fiber stress, while their elastic properties remain 
unaffected. Another option is that fluidization is characterized by softening of SFs which 
results in reduction of their stress level. In our earlier publication (Pirentis et al., 2011 ), 
numerical simulations for both cases are presented for both cases. Results are 
qualitatively similar regardless of how fluidization is characterized. 
We assume that size, geometry and elastic properties ofSFs and FAs do not 
change during stretching and therefore parameter a remains unaffected. This assumption 
is consistent with the observation that during initial stretch-unstretch cycles the size of 
F As is not affected by fluidization and recovery (Krishnan et al., 2009). On the other 
hand, it has been shown earlier that under steady-state conditions, F As increase their size 
nearly proportionally with an increasing level of contractile stress (Balaban et al., 2001; 
Goffin et al., 2006). It is possible that disassembly ofF As lags behind contractile stress 
ablation and that SFs may disassemble before F As do. To account for such changes in our 
model, new experimental data would be required. 
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5.5 Discussion 
In this chapter, we established that cellular reorientation in response to periodic 
uniaxial stretch was linked to the fluidization and resolidification responses of the CSK. 
When the effects of fluidization were minimized due to a decrease in stretch frequency or 
strain magnitude, the cell did not reorient (Figs. 5.4 and 5.5). When cells were treated 
Y27632, the cells exhibited prominent fluidization of traction forces, however the 
traction field failed to recover (i.e., no resolidification) (Fig. 5.6). Nevertheless, the 
traction field did reorient, whereas the cell body did not. This suggests that the absence of 
cell body reorientation may be caused by the lack of traction recovery from 
resolidification. 
Our experimental results also showed that cellular reorientation in response to 
slow periodic stretches involved an early phase characterized by nearly complete 
attenuation of tractions followed by a late phase characterized by nearly complete 
recovery of tractions but now realigned perpendicular to the direction of stretch. Cell 
shape was much less polarized than the traction field, moreover, and reorientation in cell 
shape systematically lagged reorientation of the traction field. Together, these findings 
suggest that stretch induced reorientation of the cell is centered around physical forces 
and the direct material responses that they induce in the cytoskeletallattice. Thus, any 
comprehensive framework of cellular responses to mechanical stretch must include the 
contributions of physical forces and those material responses, especially that of 
cytoskeletal fluidization and resolidification. 
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To further explore how fluidization and resolidification contribute to cell 
reorientation, we have also presented a mathematical model based on elastic stability. 
Fluidization, resolidification, and cytoskeletal realignment are poorly understood 
phenomenon, and the idea that they are linked is novel and important. According to the 
model, the progressive decrease of mechanical stress in SFs by means of stretch-induced 
fluidization may compromise their elastic stability and lead to their disassembly. New 
SFs tend to assemble in the direction where the effect of fluidization is minimized, i.e. , 
where they are stable. 
Using the framework of elastic stability to describe SF realignment during 
uniaxial stretching is not novel; a number of previous models have utilized it (Lazopoulos 
& Pirentis, 2007; Stamenovic et al. , 2009; Wang, 2000). Common to all those models is 
their focus on a mechanism that reduces the level of stress in the SF during stretching. 
Since lowering SF stress leads to an increase in the total potential, the direction where 
stress decrease is minimal is the preferential orientation for SF realignment. While these 
models could describe SF realignment consistent to experimental data, those descriptions 
were based on either ad hoc assumptions regarding SF disassembly (Wang, 2000) and 
strain-energy (Lazopoulos & Pirentis, 2007), or on specific geometrical and material 
properties of SFs and F As (Stamenovic et al. , 2009). On the other hand, in the presented 
model, SF realignment arises from simulation of a physical process inherent to the 
cytoskeleton, which also provides a natural criterion for disassembly and reassembly of 
SFs (Pirentis et al. , 2011 ). 
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Tensional Homeostasis Implications 
Previous research has hypothesized that the purpose of cell reorientation is to 
minimize changes in intracellular tension and maintain it at a preferred, homeostatic level. 
The tendency of cells and tissues to maintain their tension is termed tensional 
homeostasis and is hypothesized to exist at multiple length scales, from the subcellular to 
the tissue level (Chien, 2007; Humphrey, 2008). However, our experimental and 
computation results suggest that the mechanism for cell reorientation is fluidization and 
resolidification of cytoskeletal filaments, rather than minimization of tensional changes. 
Additionally, some of our experimental results directly conflict with the idea of tensional 
homeostasis. While the cell's traction field quickly reorients (in the case of cell 
stretching) or remains steady (in the case of no stretch controls), our data (Figs. 5.7 and 
5.8) show that the contractile moment has highly variable behavior and does not reach a 
steady-state level over the entire 2 h observation period (Fig 5.7B). Instead, it exhibits 
erratic behavior, sometimes more than doubling in magnitude (black line, Fig 5.7B) and 
in other cases decreasing by approximately half (light blue line, Fig 5.7B). A similar 
trend is seen in cells that are not perturbed with stretch. Over the course of 2 h, little 
change is seen in the angle of the traction field (Fig 5.8A), however the magnitude of the 
traction field (Fig 5.8B) is highly variable. During the observed 2 h period, the cells 
migrated very little and the projected cell area changed very little, suggesting that the 
observed fluctuations of M* could not be linked to cell migration or spreading dynamics. 
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Figure 5. 7. Magnitude of Contractile Moment during Stretch 
Tractions (given by the normalized net contractile moment M*) reoriented in the 
direction perpendicular to the stretch axis (8 = 0°) within ~50 min following the onset of 
stretch (A), but did not return to the baseline value and remained highly variable for 2 h 
(B). HereM* is defined as the net contractile moment normalized by its initial (pre-
stretch) baseline value. Each color corresponds to a different cell. 
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Figure 5.8. Magnitude of Contractile Moment during No-Stretch Control 
In the absence of stretch, the orientation of the contractile moment remained stable (A), 
but the magnitude of contractile moment was highly variable (B). Here M* is defined as 
the net contractile moment normalized by its initial baseline value. Each color 
corresponds to a different cell. 
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Taken together, these results suggest that HUVECs do not have a preferred, 
"homeostatic" level of contractile tension. In the following chapter, we further explore 
the concept of tensional homeostasis and its existence at multiple length scales. 
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CHAPTER 6: TENSIONAL HOMEOSTASIS IN MULTICELLULAR CLUSTERS 
6.1 Introduction 
In the previous chapter we studied reorientation of traction forces in isolated 
endothelial cells in response to applied uniaxial periodic stretch. We observed that the 
tractions reorient transversely to the direction of the stretch axis. A standard explanation 
for this phenomenon is that in response to periodic uniaxial stretch cells remodel their 
contractile CSK away from the stretch axis in order to maintain their cytoskeletal tension 
at a preferred set point or homeostatic level ( cf. Brown et al., 1998; Chien 2007). 
Surprisingly, we found that even ~1 h after cells completed their reorientation, the cell 
traction fields did not return to a baseline level, and instead continued to fluctuate 
erratically (Fig. 5.8). Furthermore, we also observed that cells that were not subjected to 
external stretch also had highly variable contractility over the entire 2 h observation 
period (Fig. 5.9). 
Taken together, these observations suggest absence of tensional homeostasis in 
isolated cells. On the other hand, it is well established that the normal physiological 
functions of tissue demands tensional homeostasis, and that the absence of homeostasis is 
a hallmark of disease progression including atherosclerosis (Chien, 2007), cancer 
(Butcher et al., 2009), and asthma (Jeffery, 2001). This, in tum, suggests that tensional 
homeostasis in tissues may require multicellular cooperation and that it is not length scale 
invariant as previously purported (Humphrey, 2008). The objective of this chapter is to 
investigate multicellular regulation of tensional homeostasis. Our working hypothesis is 
that tensional homeostasis is a multicellular phenomenon that requires cell-cell 
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interactions. We tested this hypothesis by measuring cellular traction forces in clusters 
(of varying sizes) of confluent .endothelial cells. 
6.2 Methods 
BAECs were cultured on soft (E = 6.7 kPa) polyacrylamide gels. The gels were 
micro patterned with an array of fluorescently labeled fibronectin dots so that cell traction 
forces could be measured via MTM (Sec. 3.4). Both single cells and cell clusters of 
varying sizes were imaged. Cluster size was controlled by varying the plating density of 
the cells. The number of cells within a cluster was determined at the end of the 
experiment by live-staining the cell nuclei with Hoescht. 
Cells were imaged every 5 min over a period of 2 h and their traction forces 
calculated. A rough boundary was drawn around the cell/cluster of interest, and was used 
to exclude any traction force measurements not produced by the cell or cell cluster under 
investigation (such as those produced by neighboring cells). As a metric of cytoskeletal 
tension we chose the sum of magnitudes of forces (the net traction force). 
Net traction force was calculated by summing the magnitudes of all force 
measurements inside the cell boundary. While the contractile moment is a better measure 
of the level of prestress (tension) in the cell, it is affected by the spread area of the cell 
and cell clusters. The sum of forces allows for easier comparisons between focal 
adhesions force fluctuations and whole cell traction force fluctuations. In addition, data 
obtained from the grouped cell analysis (Sec. 6.3) cannot be interpreted in terms of 
contractile moment. 
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As a metric of traction fluctuations we used the mean squared fluctuations (MSF) 
MSF = __!__ f(xi ~x)2 
N i=l X 
(6.1) 
where N was the number of data points (N = 25 for all experiments), x; is a time-varying 
signal (either force, contractile moment or sum of forces), and .X is the average of that 
signal over the 2 h sample period. 
6.3 Results 
Single and Multi-cell Traction Fluctuations 
We first sought to investigate tensional homeostasis at the single cell and 
multicellular length scales. We measured traction forces in single cells and clusters 
containing 2 to 30 cells for 2 hand calculated net traction at 5 min time intervals. Net 
traction was normalized with the initial value to more easily compare cells and clusters 
with differing levels of tension. We observed a decrease in temporal fluctuations of the 
net traction in the multicellular clusters in comparison with single cells (Fig. 6.1) 
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Figure 6.1 Timelapse of Net Traction Forces 
Tensional fluctuations (measured by sum of traction forces) in representative single cells 
(n = 5) (A) and in 10-cell clusters (B). Each symbol represents different cell/cluster. 
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To quantify traction fluctuations and compare between clusters of different sizes, 
we calculated the mean squared fluctuations (MSF) (Eq. 6.1). We found that MSF tended 
to decrease with increasing cluster size (Fig. 6.2A). To quantify the trend between MSF 
and cluster size, we calculated the Spearman's correlation coefficient (p = -0.420), which 
measures the statistical dependence between two variables. Significance of this trend (p < 
0.019) was calculated using a permutation test. Together, these tests indicating a 
significant, decreasing monotonic trend between MSF and cluster size. This finding was 
consistent with our hypothesis that homeostasis is a multicellular phenomenon. 
In order to investigate whether the observed decrease in MSF with increasing 
cluster size is a result of cell-cell interactions or it results from statistical averaging, the 
timelapse data of net traction for single cells (n = 11) was combined into "groups" of 
varying sizes. By combining the single cell data in this way, we form clusters of non-
interacting cells. The grouped cells show a decrease in MSF with increasing cluster size 
(Fig. 6.4), which is qualitatively similar to the behavior observed in clusters of interacting 
cells (Fig. 6.2). We next compared these two observations using the Kolmorgorov-
Smimov test. By using grouped cells, we can predict the tensional fluctuations in a ten 
cell cluster and compare them to the measured behavior of a ten cell cluster. The 
Kolmogorov-Smimov test rejects the hypothesis that the predicted and measured values 
are from the same group (p < 0.015). This indicates that the observed decrease ofMSF in 
clusters of interacting cells cannot be entirely explained by statistical averaging, and 
suggests that cell-cell interactions may be necessary for tensional homeostasis. 
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Dependence of Traction Fluctuations upon the Force Magnitude 
Dynamic fluctuations of traction forces may depend on the magnitude of tractions. 
Prestress stabilizes the cytoskeleton, therefore it is reasonable to hypothesize that cells 
with higher levels of prestress (and therefore higher traction forces) are more stable and 
less prone to dynamic tensional fluctuations. We found that regardless of the cluster size, 
MSF decreased with increasing net traction (p = -0.619,p < 0.001) (Fig. 6.2B). The 
grouped, non-interacting cells also exhibited a decrease in MSF with increasing net 
traction (p = -0.434,p < 0.001) (Fig 6.4B), however the rate of decrease is different. 
Taken together, these data suggest that tensional homeostasis is promoted by higher 
contractile forces and requires cell-cell interactions. This data also implies that tissues 
with high levels of tension (such as arteries and airways) are more likely to maintain 
tensional homeostasis. 
Focal Adhesion Traction Fluctuations 
One of the advantages of using MTM to measure traction forces is that single FA 
force fluctuations can be tracked by observing the movements of a single fibronectin dot. 
Since tensional homeostasis does not exist in single cells (Figs. 6.1 and 6.2), we do not 
expect it to exist at subcellular length scales either. Experimental data obtained from 
single cells (Fig. 6.3A) support this assertion; there are large force fluctuations in F As. 
This is consistent with previous work from Plotnikov et al. (2012), demonstrating rapid 
tensional fluctuations in F As. On the other hand, since multicellular clusters promote 
tensional homeostasis, one may expect to observe that individual traction forces in those 
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clusters may exhibited reduced fluctuations relative to the fluctuations observed by 
individual tractions in single cells. 
Over the course of 2 h, the traction forces produced at F As were tracked in single 
cells (Fig 6.3A) and 10-cell clusters (Fig 6.3C). It appears that traction forces applied at 
F As in the larger cluster tend to be more stable than in single cells (Fig. 6.3C vs. 6.3A). 
One reason for this may be that the F As in large clusters produce larger forces (Fig. 6.3B 
vs. 6.3D). Data in Fig. 6.3B and 6.3D also show that both in single cells and in 1 0-cell 
clusters, F As of similar average magnitudes have similar force fluctuations. Importantly, 
the traction fluctuations decrease with increasing magnitude of traction (for single cells 
FAs, p = -0.437,p < 0.001; for 10-cell cluster FAs, p = -0.404,p < 0.001) (Fig. 6.3B 
and D), which is consistent with the trend observed in whole cells and clusters (Fig. 6.2B). 
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Figure 6.2. Effect of Cluster Size and Contractility on Tensional Fluctuations 
As cluster size increases, mean squared fluctuations (MSF) decrease (A). The MSF is 
also plotted vs. the time average of net traction forces (B). Data point color corresponds 
to the size of the cluster, where blue is a single cell and red is a cluster with 10 or more 
cells. 
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Figure 6.3 Force Fluctuations in Single Cells vs. Multicellular Clusters 
Force fluctuations over the course of2 h in focal adhesions of a single cell (A) and a ten 
cell cluster (C); A and C show the tim elapse data for the 10 largest focal adhesions (F As) 
in the cell and cluster, respectively. Color indicates the average magnitude of the force in 
the FA (scale in colorbar ). Mean squared fluctuations (MSF) of the timelapse data are 
calculated for n = 11 single cells (B) and n = 3 ten cell clusters (D), and plotted against 
the average magnitude ofthe force in the FA. As FA force increases, force fluctuations 
decrease. 
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Figure 6.4 Grouped Cell Analysis 
As group size increases, mean squared fluctuations (MSF) decrease (A). The MSF is also 
plotted vs. the time average of net traction forces (B). Data point color corresponds to the 
size of the cluster, where blue is a single cell and red is a cluster with 10 or more cells. 
Black circles indicate the average values for each group, with error bars equal to one 
standard deviation. 
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6.4 Discussion 
We have demonstrated that tensional homeostasis does not exist at the subcellular 
or single-cell level, however it emerges in clusters of cells and is promoted both by 
increasing the number of cells in a cluster and by increasing cytoskeletal tension. In 
general there are two mechanisms behind tensional homeostasis, either the cell is actively 
regulating its level of tension through mechanical or biochemical signaling, or tensional 
homeostasis is passively regulated, as the large fluctuations of single cells die out when 
grouped with large number of cells. 
Recent work by Webster et al. (2014) suggests that single cells are able to 
maintain tensional homeostasis in a stable environment. These contradictory results 
might be explained by the group's differing experimental conditions. In their experiments, 
cells were cultured on a micropattemed glass surface, while our cells were cultured on 
soft (6.7 kPa) hydrogels. Cytoskeletal tension is much higher on stiff substrates such as 
glass. Our work indicates that under that as the net contractility of the cell increases, 
tensional fluctuations decrease. Under this rationale, cells on sufficiently stiff substrates 
should be able to achieve tensional homeostasis. Additionally, Webster and colleagues 
only observed cell force generation for a short amount oftime (<15 min). We would 
argue that confirmation of tensional homeostasis requires much longer time frames, since 
cytoskeletal remodeling typically requires > 15min. 
It's well known in statistical physics that random fluctuations in a sample 
decrease with the square of the sample size. An intuitive example of this concept is when 
single voice has a high variability in tone and volume, whereas a crowd of one hundred 
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maintains a steady "hum" of background noise. If the tensional fluctuations in cells were 
due to random changes in contractility, we would see the same inverse square law. Since 
we do not (in fact, the data is best fit by a powerlaw function), it is likely that tensional 
homeostasis is actively regulated by the cell. Results from our grouped cell analysis 
support this idea. 
Alternatively, tensional homeostasis might be maintained through active 
regulation of cell mechanical properties, through a phenomenon known as mechanical 
interdependence. This occurs through mechanical interactions between adjacent cells. A 
change in tension in one cell would be offset by tethering forces to neighboring cells, 
such that the collective level of tension of the unit remains constant. Previous research 
supports this idea, showing mechanical cross-talk between cell-cell adhesions, the 
cytoskeleton and cell-ECM adhesions (de Rooij et al., 2005; Krishnan & Khunpers, 
2011; Leckband et al., 2011; Martinez-Rico et al., 2010; Mertz et al., 2013). To test this 
hypothesis, experiments block cell-cell adhesions in cell clusters would need to be 
performed. 
Another option for regulation of tensional homeostasis is through the upregulation 
of cell tension through cell-cell adhesions. Work by Nelson and colleagues (2004) 
indicated that not only is there cross-talk between cell-cell and cell-ECM adhesions, but 
that cadherin engagement in cell-cell adhesions leads to an increase in cytoskeletal 
tension. Our results suggest that tensional homeostasis is dependent on the level of 
cytoskeletal tension, i.e., as the magnitude of net traction force increases, force 
fluctuations decrease (Fig. 6.2 B). Therefore, clusters of cells may be able to maintain 
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tensional homeostasis because of higher intracellular tension mediated by cadherin 
binding. To test this hypothesis, further experiments modulating the level of cell 
contractility would need to be performed. This could be accomplished by treating cells 
with lysophosphatidic acid or BDM, which increase and decrease cytoskeletal tension, 
respectively. 
Another method of active regulation of tensional homeostasis is through 
biochemical signaling cascades at cell-cell and cell-ECM adhesions. Mechanical forc~;:s 
exerted at cell-cell adhesions are transmitted via the CSK directly to cell-ECM adhesions 
(Ko et al., 2001; Shay-Salit et al., 2002), thus affecting FA formation, strength, 
maturation, and cell contractility (Geiger & Bershadsky, 2001; Geiger & Bershadsky, 
2002; Nelson et al., 2004). On the other hand, engagement ofVE-cadherin activates a 
cascade of biochemical signaling pathways that affect F As. For example, in endothelial 
cells VE-cadherin engagement regulates cytoskeletal tension, FA formation and cell 
spreading via RhoA (Nelson et al., 2004). If this mechanism also regulates tensional 
homeostasis, then even isolated cells can maintain homeostasis providing that there exists 
the crosstalk between cell-cell and cell-ECM adhesions. This possibility could be 
investigated by measuring tractions in isolated cells plated on P AA substrates 
micropattemed with dual biochemically distinct ligands - fibronectin and VE-cadherin 
ligand. 
While tensional homeostasis has been previously hypothesized to be a multiscale 
phenomenon (Humphrey, 2008), we have demonstrated for the first time that it is a 
multicellular phenomenon that emerges from the interactions of many cells. Tensional 
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homestasis does not exist at the single and subcellular length scales. Our results also 
indicate that tensional homeostasis is dependent on the magnitude of cytoskeletal tension, 
suggesting that physical forces, rather than biochemical signaling, play a key role in the 
regulation of tensional fluctuations. Results of this research, as well as further research 
into the mechanisms of tensional regulation in multicellular clusters, will help to answer 
important questions about diseases ofmechanobiology, such as tensional changes during 
cancer and the stiffening behavior of arteries during artherosclerosis. 
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CHAPTER 7: DISCUSSION AND FUTURE DIRECTIONS 
7.1 Summary of Specific Aims 
The aims of this thesis cover a broad range of topics, with the over-arching theme 
of how cell mechanical properties and mechanical signals regulate cell behavior. In the 
first aim (Chapter 4), we investigated how to map cell mechanical properties with 
subcellular resolution. We successfully developed a novel technique, called 
biomechanical imaging, for generating maps of both cell stiffness and prestress that 
requires less than 30 s of interrogation time, but which provides subcellular spatial 
resolution. While computationally complex, biomechanical imaging is experimentally 
versatile, allowing simultaneous measurements of subcellular shear modulus and 
prestress on single cells and multicellular clusters. Additionally, cells can be cultured 
under multiple conditions and on substrates of varying stiffness, opening up many 
possibilities for future mechanobiology studies. Using our results from biomechanical 
imaging, we investigated the subcellular relationship between shear modulus and 
prestress. We demonstrated a linear relationship between these two properties without 
any a priori assumptions about the distributions of shear modulus or prestress. Our 
findings are consistent with similar behaviors observed previously at the whole cell level 
(cf. Wang et al., 2002), tissue level (cf. Bursae et al. 2000) and organ level (cf. 
Stamenovic 1990). Taken together, these observations suggest that prestress is a unifying 
factor that regulates stiffness of living matter across a broad range of lengthscales, which 
is consistent with the hypothesis ofbio-tensegrity's length-scale invariance (Canovic et 
al., 2014a, 2014b). 
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In the second aim (Chapter 5), we investigated how externally applied stretch 
caused changes in cellular traction forces, which lead to global cell reorientation. We 
were interested in investigating where mechanical forces dictate the morphological 
changes during reorientation. We applied slow, periodic strain to endothelial cells and 
measured traction forces as the cell reoriented. We found that cell traction forces were 
almost completely ablated (fluidized), before recovering in the direction perpendicular to 
stretch. Most importantly, we found that cell traction forces reorient prior to the cell body, 
suggesting that remodeling of the CSK guides cell morphological changes during stretch-
induced reorientation. Using a model of a SF, we were able to explain the contributions 
of CSK fluidization and resolidification to cell reorientation in terms of a potential energy 
minimization. Our model suggests that CSK fluidization and resolidification are driving 
forces behind cellular reorientation in response to periodic uniaxial stretch. Together, the 
results from the model of the SF and cell stretching experiments indicate that stretch-
induced cell reorientation is centered around physical forces and the direct material 
responses that they induce in the cytoskeletallattice. (Krishnan et al. , 2012; Pirentis et al. , 
2011) 
It has been previously hypothesized that in response to cyclic strain, cells reorient 
their CSK in order to minimize changes in tension and maintain it at a preferred, 
homeostatic level. The tendency of cells and tissues to actively maintain a preferred 
mechanical state is called tensional homeostasis, and it is hypothesized exist from the 
tissue level to the subcellular level (Chien, 2007; Humphrey, 2008). Interestingly, results 
from the second aim show that after reorientation, cell traction forces do not attain a 
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preferred homeostatic level, and instead exhibit erratic behavior. These conflicting 
observations motivated the third aim of this thesis. 
In the third aim, (Chapter 6), we investigated whether single cells and 
multicellular clusters maintain tensional homeostasis. We performed timelapse traction 
microscopy on endothelial cells cultured individually and as small clusters consisting of 2 
to 30 cells. For 2 h we measured cell traction forces as a metric of cell tension, and 
tracked fluctuations in those forces at the subcellular and whole cell level. We found that 
as cluster size increased, fluctuations in force decreased. Additionally, we found that 
increasing traction forces correlated with decreasing fluctuations. This observation 
extends to the subcellular level as well; F As exerting larger forces had correspondingly 
smaller fluctuations in force. Our results suggest that tensional homeostasis is a 
multicellular phenomenon that emerges from the collective behavior of single cells. 
These results are especially intriguing because they challenge the current dogma of 
multi scale regulation of tension at a preferential level. Further research is needed to 
explore the mechanisms behind regulation of force fluctuations. 
7.2 Future Directions 
Cell biomechanical imaging is a novel tool that can provide a window into 
subcellular mechanics. It has the potential to show time dependent, heterogeneous 
material responses of cells to various chemical and mechanical stimuli with subcellular 
resolution not available with any other technique. Of particular interest would be to 
observe local changes in mechanical properties in global cell behaviors such as cell 
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migration in response to chemotactic or durotactic gradients. Recently, it has been shown 
that the cell physically probes its environment by ' tugging' at focal adhesions (Plotnikov 
et al. , 2012; Plotnikov & Waterman, 2013), allowing the cell to sense stiffness gradients. 
Because the biomechanical imaging platform allows for versatile experimental conditions, 
observations of these tugging forces as the cell machinery initiates cell migration could 
be coupled with maps of cytoskeletal prestress and stiffness. This would show for the 
first time, how subcellular changes in material properties lead to global cell behaviors. 
Cellular mechanical property changes have been implicated in a number of 
different pathological conditions, as well. For example, cancer cell tension and stiffness 
have been shown to change as the disease progresses (Paszek & Weaver, 2004; Plodinec 
et al., 2011 ). However, previous measurements of cancer cell mechanics have been at the 
whole-cell level. Simply measuring the subcellular material properties of different cancer 
cell lines would provide novel insight. Prestress measurements in particular would be of 
special interest because dysregulation of tissue tension is a hallmark of cancer. 
Because loss of tensional homeostasis is implicated in a number of disease 
processes, our experimental system for studying multicellular force fluctuations could be 
used to quantify changes in tensional homeostasis during disease and potentially learn 
about the mechanisms behind disease progression. For example, in cancer, it is well know 
that E-cadherin dysfunction is associated with tumor progression and invasiveness. Our 
current working hypothesis for tensional homeostasis is that mechanical or biochemical 
crosstalk from cell-cell adhesions allows multicellular clusters to maintain a preferred 
level of tension. IfE-cadherin, and therefore cell-cell adhesions, is disrupted in cancer, 
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then tissue would no longer be able to maintain a preferred level of tension. Timelapse 
microscopy of cancer cell traction forces, in both isolated cells and multicellular units 
may reveal a link between these two hallmarks of cancer. Results from an experiment 
such as this would demonstrate how a subcellular phenomenon (E-cadherin 
dysregulation) leads to cellular level behaviors (decreased cell-cell coupling) that disrupt 
tissue-level function (cancer metastasis). 
7.3 Conclusions 
In this dissertation, we have presented a new tool for measuring cell mechanical 
properties, a mathematical model and experimental investigation into cell reorientation, 
and experiments on multiscale cell traction force fluctuations. While many important 
insights have been gained from this work, a myriad of questions have arisen as 
inspiration for future investigations. Taken together, the work presented in this 
dissertation demonstrates the necessity of a multiscale approach to mechanobiology. 
Cells and tissue are hierarchically ordered systems, the interactions of subcellular 
components lead to global behaviors of the cell. In turn, the individual behaviors and 
interactions of single cells lead to cohesive tissue function. It is important to consider not 
just the behavior of separate components of each of these systems, but the behaviors that 
emerge when they interact with one another. 
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